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(Unclssuified Foreword)

FOREWORD

th Via -- - *a"+1 TT ^nvaveinigthe work per-
formed by Thiokol Chemical Corporation, Reactinn motvai Divizion,
Denville, New Jersey undar an extension to Air Porce Contract
AFG4(611)-9946. The internal report number is Report RMD
5801-F Part II. The work was administered under 'ha direction
of Mr. K. Rimer, Rocket Propulsion Laboratory, Edwards Air Force
Base under the following project and tapk numbers:

Project No. 3058, Task No. 3058560
Air Force Program Structure No. 750 G

The Research effort reported herein wts :onducted during
the period 15 April 1965 to 15 October 1965 )n RUD Project 5801.
The work previously performed unner Part I ef the program
covering the period 1 May 1964 to 28 February 1965 is reported
in AFRPL-TR-65-105.

Priucipal investigators of the effort described herein are
Messrs. B. 3. Dawson, T. F. Searans, and Dr. N. Vanpee. Other
contributors to the program were Messrs. B. Aornstein, R. Storms,
and W. Sutton. Dr. Vito Agostp, Profeasor of Aerospace "Lgfn-
eering, Polytechnir Institute of 16-ook!yn, served as a consultant
for the establishment of the vaporization mode! and contributed
significantly to its development' The Proje#7t Leader was
Mr. A. D. Corbett and the Program Manager was Mr. S, J. Tunk1l.

This report contains no classified in-orMai.io, btracted
from obaer classified documents.

Mis technical report has been reviewe6 and is approved.

Mary M, Racovich
AF Contracting Officer
Directorate o Prrucurement
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(Unclassified Abstract)
ABSTRACT

-!

gy tLuiretical and experimental means, a mathematical model
of hypergolic ignition in reaction control systems has been
developed based on physical kinetics of droplet evaporation and

- •-------:- - -ctions. Rasonable agreement
between theoretical and experimental ignition delays are
obtained. The dominant reactlans of N2 0 4 with the hydrazine
fuels et reduced pressures ae found to be thermal, gas phase
reections which are bimolecular and have low activation eneigies
and pre-exponential factors. A pre-ignition reaction product
was found which is a clear, yellow, viscous liquid with a very
low vapor pressure. The "adduct" has the characteristics of
a monopropellant and contains considerable energy. Its relation
to pressure spiking during engine start transients is as yet
undetermined. Of six additives tested, only furfuryl alcohol
had a significant beneficial effect on the ignition character-
istics of N2 0 4 /MUMH

The influence of thrust chamber design parameters on the
ignition delay and pressure transientu of Con-'~nJ A with NA,
UME and MF-5 and also ~eeouc F2 /i 2 was investigated The

__remult ake reported. Very sh-rt ignition delays and smooth
pressure transients were obtained with the F2 /H 2 combination
regardless of chamber configuration. Also, short rise times
to 90% steady-state chamber pressure resulted, EHwever, a
dependency c- chamber L* only exists.

iii -
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TNOMENCLATURE

A Frequency factor, cc/mole-sw: for bimolecular
reaction

A* Nozzle throat area, ft 2

Ac Surface area of the thrust chamber, ft 2

(Task I)

Ac/At Contraction ratio (Task III)

Ad Surface area of drop or drops, ft 2

ca, Cb Concentrations of reactants A and 6, mole/cc

cp Specific beat, cal/gr-°C

Heat capacity of the liquid, Btu/lb _-°R

Cpg Heat capacity of the vapor, Btu/lb.-°R

Cp Molar heat capacity , Btu/lb-mole-OR

Ci Conctant (pg. 18)

E, Aa Energy of activation, cal/mole

f A Ste&ic factor

gel Dimensional factor, 32.2 lba-ft/lbf-sec2

h geat transfer coefficient, Btu/sec-ft 2 -°R

Gevap Mass of gas evnorated, lbm

Gij mass evaporated from one droi in the ith class
of the Jth ensemble during one time int-erval,
.bm

ON Total mass evaporated from all drops in thki system
during one time interval, lb,

0W Mass of vapor condensed on chamber walls during

one time interval, 11%.

i Drop class, I < 1 3

J Drop ensemble, I <J N

-xiii-
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k Isentropio @zpes~t

k ft-ItsmawA conutant - 1.38 x 10-16 .r&*0K moleculo

kg thermal conductivity of vipor, Dtu/U.c-fLI-(0R/ft)

Characteristic lemgth-, it.

a ~Partial order 6f rsvctio~a viith respect to fuel

me "lns of vapor in' the thrust chamber, 1bm

at t mox MIbcular maea of fuel and oxidi zer, gmmoleculje

mass Vapor assn efflux through the nozzle during one
ti:04 interval, Hbm

I Molecular weight, lba/~lb-mole

a fartfl order of reaction with respect to oxidizer

Tobtal order' of reaction -a + n

I maber of time intervals, time/ Atn

NjNumber of drops in 1,t~h drop class

NJ Number of drop. in J11_ eavemble

.NIP Time interval in wthich the temperature of a drop
reaches the freezing point

No Avogadro number - 6.024 x 1023 moleculegs/ole

12 Time interval iz vhich the drop becomes frozen
I solid

p Ots ptbe*.re, atm.

P0  Chamber pressure, psia

?1btal preibsut. - pt + Pox

Pgq gas pressure in the thrust chamber, lb/f t2

Propellant vapor pressuje correspondin~g to the
drop temperature, .t

P,(T,) rc~Dllaat vapor pressure corresponding to the
wall temperature, lb/ft2

Praedtl Number, diimensionless
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Q Heat of -eaction, col./mole

Q1  Total energy reaching thi surface of all drops in
the systew in one time interval, StU

qvij kaWrgy roahbing the surface of the ila size drop
of the jthh ensemble in one time interval, Btu

r Reactor radius, cm

rf, rox Molecular radii, c-

rnj Radius of drops in the ith class of the jth
ensemble, ft

R Universal gas constant, 1546 lbf-ft/lb-sole oR-
1.987 cal/gr-mole OK

Ito Reynolds Number, d0-ensionless

t Time, sec

T Temperature, OK

Td Drop tererature, OR

TV Gas temperature, OR

TO Wall temperature, oK

iT Mean molecular velocity, cm/se-

U Linear velocity, cm/sec

Y Volume

Vc Chamber volume, ft 3

Vdre Drop v~locity (assumed conat-nt and equal to
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Rif•Fraetius of a drop that is frosen, O<Zi <1

* Constant (pg. 26)

Z Collision frequency factor, cc/mole-sec

z z*4 -1)

Accomodation coefficient

* Constant (pg. 98)

* Ratio of partial pressures of oxidizer to fuel

6 Critical factor for thermal explosion

8 Ron-dimenst..1d constant (pg. 56)

t] Length of time interval, sec

£ Constant (Pg, 98)

,Mg Absolute gas viscosity, lba/ft-sec

V Kinematic viscosity, cu2 /sec

A. Thermal conductivity, cal/sec-cm-°C

A Coastant (pg. 98)

'A BSeat of vaporization, Btu/1ba

BF eat of Tusion, Btu/IbA

S e at of Oubl ffin ti on , Btu/lbX

P• Deasity, tr/cc

PO 1 Deasity of thbe liquid, lb./ft 3

-xvi-



AFRPL-T"-5-2 57

CY Geometric standard'deviation

Tri., Calculated ignition delay tl,.*, sac

I Constant (pg. 27)

Equivalence ratio, O/lutoich/O/Factual

172 Laplacien operator, cm-2



AFlPL-TR-65-257

INTRODUCTION

Thiokol Chemical Corporation, Reaction Motors Division has
been investigating the ignition characteristics at reduced
pressures of n number of hypergols under Air Force Contract
AF04(60l)-9946. The Final Report - Part I covering the work
performed duriig the initial ten-month program is contained in
Report AFRPL-TR-65-105, dated July 1965. These studies included
an investigation of hypergolic ignition characteristics in
(a) an unconfined impinging stream apparatus and (b) 50-lb.
thrust chambers at simulated altitudes for the purpose of
determining attitude control engine design criteria to minimize
ignition delays and to eliminate pressure spikes in the start
transients.

In brief, the results of the initial ten-month program
indicate that:

1) ignition delaye of N2 0 4 /hydrazine-type fuels are
strongly pressure dependent,

2) impinging stream injector parameters - impingement
angle and length, injection velocity, type of
manifolding - have a negligibLe effect on ignition
delays,

3) for constant propellant flowrate, design chamber
pressure, i.e. nozzle throat area, significantly
affects ignition delay and rise time to steady
state chamber pressure,

4) for constant propellant flowrate and constant
design chamber pressure (throat area) thrust
chamber geometry - L* and contraction ratio - has
little effect on ignition delay and rise time,

5) pressure spikes during start transients are of
random occurrence and magnitude and are not affected
appreciably by any of the engine design parameters
studied (design chamber pressure, L*, and contraction
ratio),

and 6) a more fundamontal approach is needed to understand
and then correct the ignition delay-pressure spiking
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problem that exists vith the W20I/hydrasine-type fuels
combinations.

The reader is referred to the final report of the ten-month
progam (Bef. "" 'or a detailed oimcussion of the above findings.

A sin-2rnthe oontinnatiou praun was undertaken subsequontly
for the purpue of constr•cting a fundamental mathematical model
for the ignition of hypergolic propellanto at reduced presos'res
in reaatiou control systhm. The program was porformed in thzee
"maJor tasw. The specific ob.ectivse of eacb task are described
as folloms:

Task I - e5aure-mnt of Beaction Rates

Th, objectives of this task are to measure the activation
energy and order of reaction for the folloTing propellant
combinations and construct a mathematical model for igniti
of tUs. propellants at reduce% preseures in altitude cont-oi
engines.

N20 4 /bo-5(0 X20 4 /UM2

N204 /UIM N2O4/N2R4

F2 /• 2

Task II - 11valu•ation of Additives to Reduce 'Activation Energy

The objectiie of this task is to evaluate propellant
additivis fcr th* r-duction of antivation energy requirements
for N!O4/W' and 1204/5O-50 using the experimental spparatus
d'velopad for Task I above.

Tis"a M1 -Trw~t, Chamber Design Parametjr Study

7%e oJe-,•tive of this task is to ovalurte the '!'flu.nce of
thruat chamber dUsign parameterx an the .-gn.itiun delays and
siart transltw_!wt of 4,-owWd A./XN• aad gaseous F2 !i/ 2 . Th
spac.le lWamoterw of $-torest are characteristic length,
cbambh• pewessre, cntraolion ratio, asr propell#vt lead. lag.
be-ta 00 made *t a thruet level of -0-ibs. over the range c-f
par&.-ters sbove below:
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Characteristic length (L*) r,-50 ill.

Chamber pressure 20-200 psia

Contraction ratio 1.5-8

Oxidlizer lead +2 to -2 'sec

*"--,ot (nominAl) so lbs. mp-L

Aubient pressure < 0.2 psia

The results of the experizental and theoretical program
are discussed in the following sections.

V1

e--
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SUMMAY

Thme objective of the program reported herein wan to construct
a fundamental mathematical model for tht ignitlan of hypergolic
F~rellan 5 at reduced pressures. This program is a si2 -month
axteasion of an initial ten-month program to establish attitude
control engine design criteria which would minimixe ignition
Oelay and eliminate pressure spikes in the start transients
witht hyptý.gollc propellants at reduced pressures. The results
of th.~initial ten-month program are described in d;-tail in
Bepora4 AJ3~J-Th-65-lO5. Results of the initial pro&-am indicated
that e* 9fnventional injector and thrust chamber con-Aguration
pwmuaetentohad little influence on ignition and tnat & more
fundamental investigation of the pre-ignition reactioi. rates
and chemical kinetics was required in order to develor a
suitable msodel for ignition of hype-golic propellgntF at reduced
pressures.

Thin re-ocrt Is the finzal report of the six-month extenstan
program which was performed in three aeparate tasks In order
to accomplish the objectivvs. The purpose of Task I was to
seasure the or."-ignition reaction rates fOr h2OAATLUDM, N2 04 /IQIH
N204/N214 and 7-2/H2 and incorporate theae data Into a fundancutal
mathesi-atical model for the ignition -f h-. ergoii' pr-opellants
at reduced Plesoures in reaztton control systems. The purpese
of Task 1A van to evaluate se:3cted additiv'es for tbo zm~'uction
of activatioi energy requirements for N204 /1=~ and NR404/,50-5O.
The purposc of Task INI was to evaluate the Wluence nf thrust
chaam!Awr design parameters1 on the ignition delay and prexsur.ý
traasients of C~oMound A/_w Re and gaseous F2/112. The results
of th'ese tafnks are zuILmari ed below.

nle d~svf0o,-ent of a mathematical model of hyperooiic
JiVit4 on In rcaction control systems foiiowed twG paton: The

of the pressiure hirtory in a-' engine due to
prl~v~oI~att~hand the determination of the chemical

k1~eL~aof tigition reni;tionx of the varloue hypergolic
coa~~tiIti is ae-cessary to consider bo~h parts of th!F

problem sl~n~e rection tiies for ttle hydrzilni-type fuels with
uitro~gty' -1e ,r-lide at the pressulre encountereci u~rt,-g ei'gine
start-up ~eco-pr~bl e ýýo th, timeos requzired for the pressure
in Ut-# th--uivtv to reach levels at which ignition~ Can

Th~ >vp ~ignitrxtion model rtanalta frtm n r~ of
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A computer pr gram was developed for predicting chamber
pressurization du• to propellant vaporization taking into account
the rate of propellant injection, the kinetics of propellant
droplet evaporati n and vapor condensation, vapor-drop heat
transfer, drop residence time, thrust chamber geometry, and
propellant vapor efflux through the nozzle. A three drop-size
spray moael is used to represent mathematically the actual
propellant spray which lorms in the thrust chamber. The
principal quantities, whose time-dependent values are calculated,
are:

(r, mass evaporation from each spray drop

(b) radius of each drop

(c) temperature of each drop

(d) fraction of each drop that is frozen

(e) vapor mass flow through the nozzle

(f) vapor mass condensing on the chamber walls

(g) gas temperature

y"and (h) gas pressure.

Using carb,3ý tetrachloride as the working fluid since its
properties are well known, it was found that the vapor-drop
system is non-adiabatic. Despite the short times involved in
chamber pressurization due to propellant vaporization, heat
addition to the vapor-drop system occurs when drops strike
the chamber walls. Using a crude model to account for the
heat addition to the vapor-drop system, agreement to within
10% was obtained between calculated and experimental curves
of chamber pressurization.

The computer program permitted an evaluation to be made
of two potential problem areas: the effect on chamber pres-
surization rates of accommodation coefficient and of spray
drop sizes. Using two propellants individually (one, CC 4 ;
the othert hypothetical propellant differing only in its
accommodation coefficient) it was found that the effect of
accommodation coefficient on chamber pressurization Is much
lose than linear. The direct effect of a low accommodation
coefficient-decreased evaporation rate at a given drop
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temperature - is offset to a great extent by the resulting
slower cooling rate of the drop. Thus, the vapor pressure of
the drop is higher than it otherwise would be and this results
in relatively more vaporization. A 50% decrease in accommo-
dation coefficient caused only a 10 to 15% decrease in chamber
pressure at any time. Since accommodation coeflicients are in
general unknown and are extremely difficult to measure, it is
fortunate their effect on chamber pressurization rates is small.

The effect of spray drop sizes on chamber pressurization
was also found to be small. Two computer runs were made differ-
ing only in the initial values of radii of the three drop-size
sprays. The mass-median drop in one case was 75 microns, in the
other 50 microns. The resulting pressure curves differed by
only 7%. Although the smaller drops mean a greater total drop
surface area since there are more drops for a given flowrate,
these smaller drops evaporatively cool at a faster rate which
leads to less vaporization due to lower vapor pressure. Due
to the uncertainties in actual drop sizes of propellant sprays,
this finding, too, is fortunate.

Very short exposure photographs were taken of propellant
streams injected into a low pressure environment. The photo-
graphs show not only that ambient pressure strongly affects
the characteristics of the spray3 but also that the breakup
of the injected stream into drops occurs quickly at low
ambient pressures, up to 1 1/2 msec depending on the propellant
and injection velocity.

For the more volatile propellants such as N2 0 4 and Compound
A, the calculated and experimental chamber pressurization curves
indicate that a significant amount of time is required for the
flow, once initiated, to build-up to the full flowrate.
Appreciable "flashing" of the propellant within the injector
volume slows the arrival of all-liquid flow at the injector face.
The reduced mass flow causes a slower pressure rise in the
chamber than would otherwise be the case. The computer program
at present does not include expressions to account for transient
flow upon propellant valve opening. With less volatile propel-
lants, i.e., the hydrazine-type fuels, full flowrates are
reached very quickly if fast-acting valves are used and injector
volume is kept to a minimum.

The kinetic factors required in the hypergolic ignition
model to describe the ignition reactions were obtained through
an application of the theory of thermal explosions to experi-
mefntally measure ignition pressure limits. The overall order
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of reactio n was determined from the variation of ignition
pressure limits with reactor size, the activation energy from
the effect of initial temperature, and the partial reaction
orders from composition effects. The pre-exponential factor
was calculated in two ways: (1) from the theory of thermal
explosions (steady-state approximation equation) using the
experimentally determined values of overall reaction order,
partial reaction orders and activation energy; and (2) from
a measured axial temperature profile in the premixed reactant
stream at iow pressures. The good agreement betweon the two
determinations of the pre-exponential factor substantiates
the applicability of the theory of thermal explosions to the
ignition reactions of the hydrazine-type fuels with nitrogen
tetroxide. The reactions are found to be bimolecular with"
low activation energies (7.2 kcal/mole for UDMH and 5.2 kcal/
mole for MUM) and low pre-exponential factors.

SDuring the experimental determinations of the kinetic
factors, the formation of a pre-ignition reaction product was
observed for each of the four hydrazine-fuel combinations
tested. The adducts formed at pressures.below minimum
ignition pressures, coudensed on the walls of the reactor, and
collected as a liquid at the base of the experimental apparatus.
In general, the adducts are clear, yellow, viscous liquids
with very low vapor pressures and are stable at room temperatures
and pressures. Preliminary analyses of the adduct formed from
premixed NU and N02 vapors at 5 mm Hg indicate the adduct is
a simple additive product which has the characteristics of a
monopropellant and which contains considerable energy. Its
role in relation to pressure spiking during start transients
in reaction control systems in as yet undetermined.

The theoretically derived tgnition delay equation (bimolec-
ular ignition reaction) is:

1 ign R Tg + f+ +to9 Cpox) e

where Pg - p + pox and -Pox (see nomenclature for
nPf meaning of symbols)

The reactant ptrtiai pressures, pf and Pox, are obtained
inlividually by the analysis for chamber pressurization due
to propellant vaporization.

- 7
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The above equation assumes that gas phase ignition reactions
-are the dominant reactions. The justification for the assumption

comes from both experimental and theoretical results. Experi-
mental ignition delays of several hydrazine fuels with N2 04 in
an impinging stream apparatus indicate that fuel vaporization
is the controlling process at one atmosphere ambient pressure,
thereby implying gas phase reactions. Also, theoretical cal-
culations show that the collision frequency between unlike
gas molecules is 4000 times greater than the frequency of gas-
drop surface collisions at comparable conditions.

Pressure-ignition delay curves, calculated by the above
equation for N2 0 4 /UDUH and N2 0 4 /MNE, show the effects of both
temperature and vapor phase composition on ignition delays.
Ignition delays are decreased by about 22% per 10 0 C increase
in temperature. The optimum vapor phase composition for
ignition is found to be the equimolecular mixture which, for
"- IIDU, MMI and 50-50 with N2 0 4 , is morkedly more fuel rich
than typical mixture ration for optimum performance.

A comparison between experimental and calculated engine
ignition delays, estimating for the calculations the vapor
compouition and temperature, gives good agreement. To predict
the vapor composition and temperature, it is necessary to
include in the pressurization analysis expressions for the
transient N2 04 flow upon propellant valve opening and for the
heat transfer between thrust chamber walls and the evaporating
vapor - drop system. Then, further verification of the modelis needed.

Five fuel additives and one oxidizer additive were tested
for their effects on ignition characteristics of N2 0 4 /N"H.
The additives were tested in the apparatus used for the
chemical kinetics study. This apparatus is rell suited to
additive screening. The five fuel additives tested were:

furfuryl alcohol
phenyl ether
methyl butynol
ethyl ether

and benzene.

The additive concentrations were 10% by weight of the fuel.

Of the five additives only furfuryl alcohol caused a
significant effect.. The minimum ignition pressure of NO2 /MH
was reduced by 25% with the additive.

- 8
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(C) Compound R, FC(NF 2 ) 3 , was tested as an oxidizer
additive in amounts of 2 and 3% of N02. This additive not
only raised minimum ignition pressures but also made them
very erratic. It was necessary to thoroughly wash the
apparatus in order to obtain again the uuual, very repeatable
ignition pressure limits.

(U) Under Task III, thrust chamber tests were made with
a variety of thrust chamber configurations (L*4, contraction
ratio, dosign chamber pressure) to determine the effect of
chamber design parameters on the ignition characteristics of
Compound A with several hydrazine-type fuels and gaseous
F 2 /H 2 . The design chamber pressures selected for the tests
were 20, 75 and 200 psia, each for a nominal thrust level of
50 lbs. Thrust chambers having L*'s of 5, 10, 30 and 50 in.
and nominal contraction ratios of 1.5, 3.5 and 8 were
fabricated for each design chamber pressure (except for several
combinations of parameters which resulted in impractical
configurations) and tested at a nominal ambient pressure of
10 mm Hg. Transparent thrust chamber cylinders were used for
visual and photographic observation of ignition characteristics.
A simple, single-element doublet injector having minimum mani-
fold volumes was used for most of the Compound A/hydrazine-type
tests. A concentric tube injector consisting of a single axial
orifice for the oxidizer and a concentric annulus for the fuel
was used for the F 2 /H2 tests.

(C) The thrust chamber tests with Compound A as the oxidizer
were made primarily with N2 H4 as the fuel. In addition to the
investigation of configuration effects, tests were made to
determine the influence of mixture ratio and propellant leads
on ignition characteristics. Additional tests also were made
with UDMH and MW-5 as the fuel for comparison purposes. MHF-5
is a classified mixed hydrazine fuel consisting of 26% hydrazine,
55% monomethyl hydrazine and 19% hydrazine nitrate. In general
it was found that ignition delays with these propellants were
very short and, contrary to the results of similar thrust
chamber tests with N2 04/hydrazine-type propellants (Ref. 1),
were independent of pressure in the chamber prior to ignition.
There was no correlation between chamber pressurization due to
propellant vaporization (necessary for ignition of N204/N2H4
propellants) and ignition aelay in these tests.

(C) Ignition delays and times to 90% of steady state
chamber pressure were shortest with Compound A/UDMH. Ignition
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(C)
occurrod approximately 7-9 umec after application of theelootr~cl sign1al to the Propl~elant valves. This corresponds

to the time at which both propellants first enter the chamber
as s vapor-liquid mixture. Although Compound A and U
vapors initially enter the chamber at 3 msec, the concentrations
are insufficient for ignition, except for several instances
of r-sk, discontinuous, preignition reactions detected by faint
light output in some tests with V1411 (and other fuels).

(C) Ignition with both 1234 and MJF-5 occurred 1.0-14 msec
after the start signal which corresponds quite closely with
the times (10-12 isec) at which both the oxidizer and the fuels
first enter in the liquid ritate. NW-5 is first 4etected
entering as a vapor-liquid mixture at about 7 msec after start.
In the ease of V204 , liquid injection in the liquid state is the
first detectable Indication of fuel entry. NgR4 enters as r
discrete, cohesive stream with no evidence of vaporization
even at the low ambient pressures. In contrast, injected
stream of Compound A, UDW and M55-5 spread out and vaporize
rapidly upon injection even after steady-state. liquid flowrates
haw* been established.

(C) Because of the lack of dependency upon pre~s,_,re,
Ignition delay is not significantly influenced by thrust chamber
configuration parameters (design chamber pressure, L*,
contraction ratio, etc.). Although configuratirP, parameters
also do not strongly influence the time to re'ch 90% of steady-
state chamber pressure, there ib a trr'd toward longer times
with larger volume configurations as might be expected, Mixture
ratio tests indicate slightly shorter ignition delays (1-2 i-5ec)
with fuel-rich mixture ratios than oxidizer-rich mixture ratios.
Propellant lead tests with Compound A/N 2 H4 indicate that ignition
occurs rapidly upon injection of (lxuid) hydrazine regardless
of the state (vapor, mixture, or l•quid) of the Compound A.

(C) Photographic and pressure ineatruneatation indicate
that ignition occurs at the injector with these propellants
sad rapidly Wpreads to the nozzle end. Because of the short
igaltion delays, the start transients were smooth without
evidence of the random, short duration, large amplitude spikes
characteristic of the X2 0 4 /hydrazine-type propellantt.

(U) Thrust chamber tests with gaseous ? 2 /h2 also resulted
in very short ignition d&ays and isooth pressure transients.
Ignition generally occurred within 1 asec of injection of both

-10-
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propellants and was not significantly influenced by thrust
chamber design parameters. ha with Compound A/hydrauine-type
propellants, igtion is not dependent t•pom chamber pressuri-
nation prior to ignition. hzcept for propellant lead tests in.
which one valve was deliberately delayed, ignition occurred
before amy deteatabl• rise in cbs•ber pressure due to propellant
entr j4ocwred. Ignition occurred at the Injector end of the
obambey, sad for configurations having long chamber lengths,
delays up ' about 0.8 mwc were measured between start of
pre4qWe rise at the isjector and nozzle ends corresponding
to tbie spread of ignition through the chamber.

Rise tL-as to 90% of steady-state chamber pressure
were. gnerally less than 7.5 nmac, averaging about 6.5 asoc
for 50 In. LO configurations and about 4.5 msoc for the 5 and
10 in. LO configurations. Contraction ratio or design chamber
pressure had little effect on the rise time.

Tire *as no indication of pressure spikes with F2 /12In an ftetoots.

I
-1U-



AFRPL--T-65-257

S~III

TASK I - MEASURNMNUT OF RUACTION RATE

A. Development of Mathematical Model of Htpergolic Ignition

A mathematical model of hypergolic ignition in attitude
control engines in space is desirable for several reasons. A
model that takes into account the many processes involved can
provide not only design information for minimizing ignition
delays, but also it can give valuable insight into the pressure
spiking problem by defining quantitatively the conditions from
which pressure spikes result, i.e. the mass of the propellants
in the chamber at ignition, the-fraction of the propellants in
the condensed phase, etc.

In the following sections, a mathematical model is described

as well as the determinations of some of the quantities required
by the model.

The general approach followed in developing the model is
indicated in Figure 1. Since hypergolic ignition of N204-type
fuels is sensitive to pressure (Ref. 1), the pressure build-up
in the chamber due to propellant vaporization must be determined.
Also required is an expression of the dependency of hypergolic
ignition delay on pressure, taking into account mixture ratio
and the reactivity of the specific propellant combination. The
intersection of the two curves in Figure 1 is taken to be the
ignition delay time in the engine at space conditions. Ignition
delay as used here is that time which elapses between initial
eatry of the propellants into the thrust chamber and ignition,
i.e. emission of visible light accompanied by an increase in
pressure. A total ignition delay time for a given attitude
control system is obtained by adding to the above ignition delay
pcriod the time elapsed from valve signal to initial propellant
entry. Some coraments regarding the latter as well as the
assumptions inherent in the ignition model indicated in Figure 1
will be given at the appropriate points in the following sections.

The determination of the chamber pressurization curve due
to propellant vaporization will be discussed first. Subsequently,
the chemical kinetics aspect of the mathematical model will be
covered in detail.

-12-



AML-TR-45-257

QI
w1

Igniition
Delay Time

S,-Pre*sure Dependency of

S • Ignition Delay

/I "
Pressure History

Due to Propellant
Vapor ization

Figure 1.Goriral (Coacopt of Itni+10n Delay 'iwe W~del

-13-



AFRPL-TR-65-257

B. Thrust Chamber Pressurization Due to Propellant Vaporization

The problem under consideration in this section can be
described in general terms as follows. A propellant stream,
issuing from an injector orifice into the low pressure environ-
ment of the thrust chamber, forms a spray consisting of a great
many drops of various sizes. The drops undergo evaporation,
decrease in size, and cool. Evaporative cooling can bring a
drop's temperature to its freezing point. Subsequent vaporiza-
tion occurs at constant temperature while the fraction of the
drop that is frozeL increases until the drop becomes completely
frozen. Further evaporation can occur from the frozen drop
(sublimation), the drop temperature resuming its decline.

The evaporated gas raises the pressure in the chamber. The.
pressure at any time is influenced by the chamber geometry and
by the gas temperature, the latter in turn is related to the
drop temperatures. Some vapors pass through the nozzle and,
under certain conditions, vapors can condense on the thrust
chamber walls.

It is necessary, therefore, to determine the following
quantities, all as a function of time:

a) the evaporation from each drop in the system

b) the radius of each drop

c) the temperature of each drop

d) the fraction of each drop that is frozen

e) mass flow through the nozzle

f) mass of vapors that condense on the chamber walls

g) gas temperature, and finally

h) gas pressure.

The starting point of the analysis is the work of Agosta and
Kraus reported in Ref. 2. The present work was performed in
close cooperation with Dr. Agosta who served as consultant. For
the present program, their analysis was modified somewhat and
additional features were added to it. Their basic equations
are reviewed first, and then the features that were added are
discussed. Finally, comparisons between theor2tical and experi-
mental results are given.

-14-
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The analysis takes into account the rate of propellant
injection, propellant evaporation and condensation (assuming
a Knudsen-Langmuir kinetic model), thrust chamber geometry,
and propellant vapor efflux through the nozzle. In essence,
the pressure in the chamber at any time is obtained from a
mass balance on the system.

Steady state calculations are made in successive time
intervals which are taken sufficiently short that all properties
remain essentially constant during each time interval. The
solution proceeds from known initial conditions to calculated
new values of properties at the end of the first time interval.
The new values are taken as initial conditions for the second
time interval, etc. to completion.

1. Theory

a. Droplet Evaporation

The heart of the problem is droplet evaporation.
Based on the kinetic theory of gases and the perfect gas law,
the amount of evaporation occurring in a finite time interval
ig given by

G (Prr (T' (I)cA,

The assumptions involved are:

1. The number of molecules leaving the liquid
surface per unit time (when the ambient
pressure is below the liquid v&por pressure)
is the same as the number which impinge on
the same surface when the liquid is in
equilibrium with its vapor.

2. The gas evaporates at the same temperature
as the liquid drop from which it is evolved.

3. The molecular weight of the vapor is the
same as the molecular weight of the liquid,
i.e. a non-dissociating propellant.

The propellant spray is represented mathematically
by a three drop-size model. The three drop sizes are obtained
by applying a logarithmiconormal distribution (with a specific

-15-
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geometric standard deviation depending on the type of injector)
to a given mass mddian drop size and then selecting three radii
such that 30% of the weight flow is in drops of the smallest
radius, 40% in the intermediate size drops, and 30% in the
largest drops (Ref. 3). Thus there are three classes of drops,
I < I < 3.

The continuous processes involved in the vapor
pressurization of the thrust chamber are treated mathematically
as steady state processes in successive, very short time intervals.
Consequently, in each tim-t interval, a new ensemble of drops
enters the thrust chambe. These undergo evaporation during
the time interval as do t:.# drop ensembles which entered the
chamber in previous time fatervals. Therefore, in the first
time interval (N - 1), there is one drop ensemble (j a 1) which

-consists of three classes of drops (1 < i < 3). In the second
time interval (N - 2) there is not only the first ensemble
Q - 1) which continues to evaporate, but also a second ensemble
(j - 2) which undergoes evaporation for the first time. This
second ensemble also consists of three classes of drops.
Therefore, there are six classes of drops to consider in the
second time interval, nine in the third interval, twelve in
the fourth interval, etc. Each class of drops has a unique
radius, temperature and fraction of the individual drops that is
frozen.

Each class of drops must be identified and this
is done by i, j and N numbers which indicate the initial radius
of the drops when the class first entered the thrust chamber,
the time interval in which the class entered the thrust chamber
(or, in other words, the number of intervals the class has been
in the system) and the time interval in question. Thus the
possible values of i, j and N are:

S-M 1, 2 or 3

J - 1, 2, 3 ---- N

N 1, 2, 3, 4,

If N - 5•00, say, there are 500 drop ensembles (j-numbers) and
each ensemble consists of 3 classes of drops (i-numbers). There-
fore there are 1500 separate classes of drops to be accounted
for in the 500th time interval, each class having a unique radius.
temperature and quality X (see below).

-16-
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From bquation (1), the mass evaporated from a
mingle d&p in one time inteo'val is given by:

IV - 4A " 3 -Ii

b. Total Evaporation During One Time Interval

To determine the tota'. vaacp evaporated from al.l
of the d~ops during one time interval, the total surface area
of all of the drops in the system must be known. The total
surface area depends, of course, on the number and radius of
tha dropb in each class.

For a mass-median drop size, rm, of 75 microns
and a geoLetric standard deviation, - , of 2.3 as given in
Ref. 3 for an impinging stream injector, the initial radii of
tte three drop-size apray model are determined to be:

30% of injectcQ mass in drops having r 1 - 83
10-6 ft

40% of injected mass in drops having r 2 - 250 x
10-5 ft

30% of injected mass in drops having r3 - 720 x

10-e ft

The number of drops in each of the three classee is obtained
from

where W, - 3 W J

Ni - W2 -.4 Wj (3)

W3 - A3 W

and W - w At, the mass of propellant injected during one time
inter9el.
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Th *wse 4W, Ut mw Isa Ehw *tam* ins tbeiefe :

It, 12.5l x 1010 (Wj/ P f) for r1 - 83 z 10o" tft

#I e x ,1OO(#j~/Pilfor r2  M. x 10-6ft (4)

3 oi1 x 1010 (Wi/ P1) tor r; - 720 x 10`6 ft

Stotal umuer of drop&w injected in one time interval is

i- 11. 14 --0 1 0 (Wi/ P0). (•)

T total mwfeac arem of the drop in th th cas before
eoapeoatiou begins in

"AL. 4WrL Nt4" 4+ir Mj C"•,!"J) (6a)

The tfttz ouface area of all the drops before evaporation is

Aj~ Al -TN (6b)

Th,. total evaporation occurring from all of tho
dro••-,"in thw wysteom in o* time interval is obtained by expressing
Ad of equation (1) by equations (6b), (5),and (4), giving

6l L'et

here C, - 14W (*-& -

or C1 - .0o x 1OlO

C2 0,442 x 1010

CS .0139 z 1010
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Pv(TdW3 )N-l it tht vapor pressure corresponding to the ten-
peratU%'e of thie it. size drop of the jth. ensemble at the end
of the N-I time interval. The density of the liquid, P 1 , is
assumed constant.

c. Vapor Condensation on Chamber Walls

The mass of vapors condensing on the chamber
walls is given by

Vm[rs, -vr~r} Mc -- (8)

but with the constraint O(Gw < +00. Condensation on the wall
is considered only when Pg(Tg) > Pv(Tw); that is, the conden-
sation term cannot have a negative value thereby implying
evaporation.

d. VaPor Flow Through Nozzle

The mass efflux through the nozzle during one time
interval, for constant c and k for the gas, is given by

e. Vapor Mass in Chamber

The mass of vapor in the chstml.ýr at the end of
the N'_ time i,.ter• al is obtained from the perfect gas law

Z. Gas Temperature

The temperature of the gas in the chamber at the
end of the tih time interval is obtained by taking a mass weighted
average of the temperature, which includes the temperature of
t~e gas generated du. to evaporation during the time interval
plus the temperature of the gas lefi. from the previous time
interval minus the temperature of the gas which condenses on
the chamber walls and that which passes through the nozzle.

419
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Yor j'OI4 4pg91* systnend atd constant vapor beat GaPscityl

T, ;.(1f t Cv...o + (T4r. 1- (Cw ). - (On...). P4
g. Gas Pressure

A msam bslamoe of the system tields the gas
pressure in the chamber at the end of the .U5 time interval.

- ~ ~(12)

The terms on the left hand side are given by equations (7), (8),
* , (9) •while the right hand side in equation (10) evaluated at
th6ie ofd the IN and N-1 time intervals.

The gas pressure in the chamber at the end of the
Na time interval, Glg)]g, is given by:

1.-j (131t,
\M 8 .

C" [P, t' l .T4  
i
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h" .i. Drop Radi i

At the ezd of every time interval, new drop radii
and drop temperatures must be calculated to account for the
effect of evaporation during the time interval on the drop's
sixe and temperature. A mass balance on the drop together with
equation (2) yields the now drop radius:

Fi(w~&sw(r) i-3[~d,) P,(Tý ]Of 96"t M 9,I (14)

I. Drop Temperature and "Qualities"

The new drop temperature is obtained from an
energy balance on the drop.

3[R. &t,_rMx (15)

Clearly the temperature within the drop is assumed
to be uniform. The heat of vaporization, Ae, the heat capacity
of the liquid, c 1 , and the liquid density, 01, are assumed
constant. Values of these quantities corresponding to the mid-
temperature of the range encountered are used.

At some point, a3 evaporatively cooling drop can
arrive at its freezing point. Further evaporation of the drop
occurs at constant temperature during which time the friction of
the drop that is frozen increases. Thus, equation (15) holds
until the freezinp Ypoint is reached. Once Td equals Typ,
thi . j remains constant as the drop freese*V The fraction of
the drop that fremies in one time interal due to evaporation
is given by an energy balance on t6e drop°

4 Am3 
(16,
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The solid fraction of the drop, that is its "quality", increases
in successive intervals until the drop is frozen solid. The
quality, Xij, of a drop is given by

NX
X U. (17)

MftHyP . PA (V'LJJNAF

with the constraint that 0 < Xij < 1.

The sumation over successive time intervals for the drop in
question begins when the temperature of the drop, Tdii, reaches
Tpp. The summation ends when the drop is completely-frozen,
i.e. Xij - 1. Gij in equation (17) is given by equation (2).

Once the drop is frozen solid, further evaporation
(sublimation) causes the temperature of the drop to decrease.
Equation (15), modified to reflect the solid state of the drop-
let, becomes applicable again.

The above equations were programmed for a Control
Data G-20 computer. The time intervals, AtN, used in the
calculations ranged from 1 to 40 microseconds depending on the
particular propellant and motor geometry under consideration.
In g*eneral, the faster the pressure rise in the thrust chamber,
the smaller the time interval required. The actual criterion
for the length of the tine interval is that the change in
properties during each time interval, i.e. drop radius, drop
temperature, etc., be kept wsall enough so that the properties
can be considered constant during the time interval. New values
are calculated at the end of each time interval and theae are
used for the next interval, etc. to completion of the calculation.

The equations are used to calculate in each
time interval: the gLs pressure, the gas temperature, and a new
radius and .temperature for. each drop in the system. Since
the injected propellant stream is represented by three drop
sizes, the number of classes of drops increases by three in
each successive time interval. Each class of drops has a
unique radius, temperature and drop "quality" X. In the 1001J

Stime interval, say, there are 300 drop radii, 300 drop tempera-
tures, and 300 drop "qualities" to be accounted for. The
changes in the values of each of these must be calculated to
obtain the gas pressure at the end of tbt 1l001 time interval.

-22-
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2. Results and Discussion

The preceding equations were solved to determine the
pressure history in a thrust chamber due to vaporization of
carbon tetrachlorlde. CC14 was selefted because the many
physical properties, especially accommodation coefficient,
required in the computer program are known for this substance.
Corresponding properties for modern propellants such as N04
and Comlpund A are often unknown at present or of obviously
uncertain precision. Thus, the model for chamber pressurization
due to propellant vaporization was developed and checked
experimentally using CC1 4 as the working fluid. The vapor
pressure of CC1 4 is very similar to that of the 50-50 blend of
N2H4-UDNH for the range of temperatures encountered.

a. Gas Temperature Histort

The initial calculations showed that the vapor
temperature in the thrust chamber dec'eases initially as the
chamber pressure increases but after . few milliseconds (de-
pending on motor geometry and the propellant properties) the
vapor temperature reaches a minimum and thereafter gradually
rises until steady-state condittons are reached (Figure 2).

The initial cooling is the result of evaporation
from drops which have already undergone some evaporative cooling.
The minimum in the gas temperature history occurs because the
evaporation from the coldest drops is more strongly diminished
by the rising chamber pressure than the evaporation from t..e
warmer (newer) drops. A point is reached at which the net
productii, of cold vapors equals the net production of warm
vapors and so the gas temperature remains unclanged.

The gas temperature subsequently increases gradually
as a consequence of the rising gas pressure which first diminishes,
then stops, and finally causes "negative evaporatioa" -.f ;
colder drops. The temperature inversion is of iLl-erest becau•-•
it occurs generally during typical igni t ion delay tinec. The
cooler gas temperatures would tend to P.ngthen ignitton delay%
due to the effect of temperature on reaction rates.

0. Droplt Condensation

Condensation of the vapors was found to occur on
drops wkich have undergone substantial evaporative coolini. The
condensation results when the gas pressure in the chamber exceeds
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the vapor pressure of the cold drop, see equation (1) or (2).
An illustration of condensation on a cold drop is given in
Table I.

TABLE I

EXAMPLE OF CONDENSATION ON A COLD DROP (CC1 4 #R)

Time Drop Radius Drop Temp. Drop V.P. Chamber Pressure
mse- x 10-b ft OR mmHg mmHg

2.80 674.907 450.00* 8.291 6.804

3.20 674.550 450.00* 8.291 7.680

3.60 674.495 450.02 8.298 8.484

4.00 674.674 450.44 8.416 9.224

4.40 675.051 451.31 8.671 9.913

*Drop is partially frozen.

The drop under consideration in Table I had a
radius of 720 x 10-6 ft when it entered the system which was at
time zero. It is one of the i - 3 class of drops, the largest
drops of the three drop-size spray model. After 2.80 msec, the
drop radius has decreased to the value shown and its temperature
has reached the freezing point. The drop is not frozen solid as
yet but is only partially frozen. At this time the chamber
pressure is still below the vapor pressure of the drop. During
the next 0.40 asec, the drop continues to undergo evaporation
(radius decreases further) since the gas pressure (column 5) is
still less than the drop's vapor pressure (column 4). During
this time the fraction of the drop that is frozen increases,
the drop temperature remaining at the freezing point value.

At 3.60 msec, the chamber pressure has increased
to a value greater than the drop's vapor pressure thereby
causing condensation onto the drop. The drop's temperature has
increased to 450.020F indicating that the condensation energy
absorbed by the drop not only melted the frozen fraction of the
drop but also raised slightly the temperature of the all-liquid
drop. Although the condensation increased the mass of the drop,
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the met *ff-at over the 0.40 soec period is a dcreased radius
d&e to At•e evaporation which occurred durivn the first part of
the period, i.e. until the gas pressure oqualled the drop's
vapor prOssur. Miring the next 0.40 -,ec period, that is at
4.00 ez=c, coadonsatiom on the dr'ap ecatinu~d (ooiuaz 5 vs.
colmn 4). The temperature of the liquid drop increaned as did
the sise of the drop. frtr".er condensation occurred dzarlug the
last interval liateW in the table as the gas pressure oontinued
to be qrAemtr than the vapor pressure of the drop.

c. Vapor-o .,r Tras•..r

The voesbilitr of beat transfer between the
--por and the drops iu not Accounted for by the equations

given previously. Ir the case of CCl•, the tesperature differ-
eonce .tem th+i var• vapors and the coldebt drops can "e as
w-- to 750F. With such a driving force, one would expect the
drops to be warned and the vapors cooled to scae extent.

7he *n&.lg reachirg the suxrface of a drop during
ine tirz interval is. according ui ref. 3:

At 4r),IatNHh~(8
M, 4F( T L, J),.

d (19:1
ell , T, h a,, (

.2 4-4

t.



andRe4 4 A Vtrr O xcluding (22)
~, drag eff~cts.

*i in equation (1) is gin'ý h-y A'.atioa(2
An energy balance on thm d-op xF he

Te as JN 'te C.

from which tin! nn drop tet~perature at the end or the t-ire
interval La
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and ,Z and z, Pr Le and G,- A'l. -ve !)V equations
(255), (19), (20), (M and (t-) re~re~live1y.

TiO ta energy reazhlng thG surface of all
drops Li 2 uyatum in one viv id~r~ s

(27)

AL N~f'

nubc c4 Ovp- n I ,J1 ie

by eqaS . t.h n Zr-ýgvý-,ID qatn IC n !

rexpstiel, 3-canrp QNcoesfr&.th*pk J'ýz tas cmibi
and ~ ~ ~ -thtfr dqmin(1 h a Qý,prtr qai
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The effect of including vapor-droplet heat
transfer on chamber preumure and temperature is slight as in-
dicated in the first two lines of Table 11.

TAILU II

CHAKMPRESSURE AND ThIPERATURE AT t - 3.0.0 ESEC

- OR

S16.266 517 No heat transfer (0014 #)

is.es85 515 Heat transfer tncluded (OCC 4 #R)

16.953 514 Heat transfer included,6.0O usec residence
time (0014 #S)

17.160 513 Heat trtnafer includod,3.36 *see reaidtace
jtime (Cd4t #Tr)

As expected, the gas t~mperaturG ia lower rhný
heat tnausor to the cold drops ±jI-, inclu~ded. The ctanp -i's aaali

hoeffet Th4 higher gas presiuc:ýe resultsa from tho dropsl whic

va0014z sligtl mZor~et dess inat sCcomptag time interal."h
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Despite the short residence times to which the model leads,
1-1/2 to 5-1/2 asec typically depending on motor geometry and
injection velocity, the effect on chamber pressure Is very
small. A comparison of the second and third lines of Table II
shows the extent of the effect. An arbitrary reduction of the
residence time from 5 to 3.36 msec (fourth line of Table II)
shows again the smallres# -f the xeridence time effect.

Drop temperature histories show that once a dron
has been in the system for one residence time period, its
temperature is puc)h th. • -•-;e pzeumure is not very different
•u= tie gas pressure prevailing at that time. Thus, in accor-
dance with equation (1) or (2), the amount of evaporation (or
condensation) from that point onward is relatively small.

Table II shows that the residence time limitation
causes a slightly higher chamber pressure and a slightly lower
gas temperature. These effects result because some of the
vapor condensation onto the cold drops is stopped. Thus some-
what more gas at low temperatures is in the chamber than would
otherwise be the case.

e. Effect of Drop Sizes

The initial-radii of Injected drops for the
three drop-*isi spray model are derived from a given mass-
median drop size!'as outlined previously. The mass-median drop
sije used Initially in the calculations was-75,microns, based
on the work of Priem and Heidman (Ref. 3) who cite investiga-
tions of the spray characteristics of liquid streams emerging
into an environment in which the pressure was substantially
above the vapor pressure of the liquid. At ambient pressures
well below the vapor pressure of the liquid, one would expect
additional dispersive forces to be operative resulting in
smaller drops on the average.

A number of short duration (approx. 10 micro-
second) exposures, with a magnification of 2X, was taken of
streams of various.propellants Issuing from an injector orifice
into a low pressure environment. Exposures were made at various
pressures from one atmosphere to 1 mm Hg,- using a General Radio

-,Company High Speed.Stroboscope, Type No. 1533-A, in the single
pulse mode. A Bausch h Lomb 7-1/8" coated F/6.8 Proto Mila lens
permitted magnification of the object. The exposures were
recorded onPflaroid, Type, 57, 300.speed, 4 x 5 film. The
streams are back-lighted, a diffuser being used between the
stream and the light source. The direction of stream flow was
vertically upward.
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AFRPL-T7-65-257

A strong effect of ambient pressure on the
sprays resulting from CC14 liquid injection is shown in the
pictures of Figure 3. At high ambient pressures, 100 mm Hg
and above, tho relatively low velocity stream is coherent
for the two-incA stream length viewed. At 95 ma Ng which
is the vapor pressure of CC1 4 at 710 F, a vapor bubble in the
stream appears to have "exploded". At somewbat lower ambient
pressures, the "bubble explosions" are more numerous and liquid
ligaments appear. At still lower pressures, the ligaments
are smaller as are the drops on the average. At 10 and I mm Hg,
the ligaments are short lived and many of the droplets approach
the limit of resolution in the pictures which is about 50 microns
in diameter.

Similar pictures for UDMH sprays at various
ambient pressures are given in Figure 4. The liquid injection
veloeity of the streams in Figure 4 for UDUH is nearly the
aamu as in Figure 3 for CC14,

Obvious similarities exist between the UDME
streame and the CCI streara. In both cases the straims are
coherent at the high ambiant preusures and "exploding bubbles"

,first appear when the ambient pressure is only slightly below
the vapor pressure of the liquid (vapor pressur4 of EI*AR at
'10F in 130 mm Hg). "t lowr pressure, slight differences are
noted bui these differences are in degree only. UDMH aupears
to form liqeid ligaments m-re readily than CC1 4 ; and, on the
average, the UDKE droplets at the lo*ast ambient pr4ssures are
somewhat amaller than Zhe corresponding CC1 4 dropIcts. This
is 4"e, at least partially, to the greater evaporation rate of
UD- whichi results from its somewhat greater valttility.

The effect on spray characteristics of higher
flowrates ., UDMI through the same injector orifice is shown
in Figu;,a 5 for an ambient pressure of 140 •m Hg (slightly
above th3 vapor pressure of UDMH) and in Figure 6 for an ambient
pressure of 1 ma Hg. At the higher ambient premsvre the higher
flowrates, wvich give a higher 15jection velocity, lead to
gr*ater broak-np of the stream. At the low imatint pressure,
however, any differences between the srays from the various
flow--tes are much lei* obvious. The iegrte of streaking in
tha piatu•a, by the d-op~leta Incretses vith injection velocty
but the drop sizes (wtdth of atreak) appoar roughly, sima ar
ir41 four picteres, The distAnce to eaRntially complete
treau 'breA-1up is afected oniy slightly by the laJecti• n

ve-ocity, or mass flowrxte. Assuming the d-.ps travei a- a
coustant velocity anus]. to the Injection vslocity, la" eakp -

the N u is Complete ½ less 3i- t iseconi.
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Por comparative purposes, similar spray pictures
of 1 a0

1 are reproduced from 3.f. 1 in figures 7 and 8. The mass
f iomwhe In the semi in all six pictures. The differant
injectioni velocities in the two figures are obtained by different
injector orifice diametezi. Apin, the strong effect of ambient
pressure is obvious. Since flowrate is constant in Figures 7
and B, the effect of injection velocity alone on stream break-
up titu Can'be discernedo In the high velczity came, stream
brqak-up is complete in 1/3 usec at an ambient pressure of
100 M Mg. In the low velocity case, the stream break-up time
is about 1.5 usec at 40 mm N; ambient pressure.

A complete, quantitative drop size &stribution
cannot be determined from the photographs; nevertheless semi-
quantitative information can be gleaned by counting the re-
solvfd drops and weasuring their diameters at successive sec-
tionas of the spray.

Analysis of the pictures of the low pressure
CC1 4 sprays indicates that the actual mass-median drop size
is less than the 75 micron radius initially assumed for the
sprays in the computer program. How much less could not .e
determined. Nevertheless, the effect of drop size on pressuri-
zation of a thrust chamber was determined by a calculation using
saulier drop sines. The mass-median drop size was arbitrarily
redua4d from the original 75 micron radius to a 50 micron
radius. New rauil for the three drop-size spray model used in
the computer proCraa were ^omputed, again using the logarlth-
vsclnornal distribution, the same geinetric standard deviation,
and again selecting three radii such that 30% of the weight
flow exists in drops of the smallest radius, W% of the weight
flow in drcpu of the intermediate v tdius and the remaining 30%
in drops of the largest r&Jius. The resulting radii are given
in Table III together with the radii derived from the 75 micron
nass-median drop size used initially.

Computer calculations were made using each of
the sets of radii in Table III to represent the spray. The
calculed pressure curves for each case are given in Figure r
Ao expected, the spray consisting of the seallr drops yields
the higher pressur~e due to the increased surface area re-
sultinj from the greater number of drops. A com;ansating
*ff&.t on chamber pressure, bowver, is tnat due tr t- . higher
max* fraction initially evaporateo fru. the smaller druptý,p
their temperature is lower in succeeding tinm intervals. The
lower temperature caoan a relatively lesser amo'nt o0 evapora
tion in uucct*etug intervals. As a result, the ýurface area
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For comparative purposes, similar spray pictures
of N2 04 are reproduced from Ref. 1 in Figures 7 and 8. The mass
flowrzfe is the same in all six pictures. The different
iajection velocities in the two figures are obtained by different
injector orifice diameters. Again, the strong effect of ambient
pressure in obvious. Since flowrate is constant in Figures 7
and 8, the effect of injection velocity alone on stream break-
up time can be discerned. In the high velocity case, stream
break-up is complete in 1/3 :qc at an ambient pressure of
100 = Hg. In the low velocity case, the stream break-up time
is about 1.5 msec at 40 mm Hg ambient pressure.

A complete, quantitative drop size distribution
cannot be eetermined from the photographs; nevertheless semi-
quant±tative information can be gleaned by counting the re-
colved drops and measuring their diameters at successive sec-
tions of the spray.

Analysis of the pictures of the low pressure
CC1 4 sprays indicates that the actual mass-median drop size
is less than the 75 micron radius initially assumed for the
sprays in the computer program. How much less could not be
determined. Nevertheless, the effect of drop size on pressuri-
zation of a thrust chamber was determined by a calculation using
smaller drop sizes. The mass-median drop size was arbitrarily
reduced from the original 75 micron radius to a 50 micron
radius. New radii for the three drop-size spray model used in
the computer program were computed, again using the logarith-
•iconormal distribution, the same geometric standard deviation,
and again selecting three radii such that 30% of the weight
flow exists in drops of the smallest radius, 40% of the weight
flow in drops of the intermediate radius and the remaining 30%
in drops of the largest radius. The resu~tt- :•ii are given

in Table III together wlt?- tb?.v radii derived from the 75 micron
... &Aan drop size used initially.

Computer calculations were made using each of
the sets of radii in Table III to represent the spray. The
calculated pressure curves for each case are given in-Figure 9.
As expected, the spray consisting of the smaller drops yields
the higher pressures due to the increased surface area re-
sulting from the greater number of drops. A compensating
effect on chamber pressure, however, is thtt due to the higher
mass fraction initially evaporated from the smaller drvts,
their temperature is lower in succeeding time intervals. The
lower temperature causes a relatively lesser amount of evapora-
tion in uucceeding intervals. As a result, the surface area
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Velocity, Flowrate
ft/sec lb/sec

40 0.0055

60 0.0083

80 0.0110

100 0.0138

Figure 5. Fully Developed UDKH Flow at Various Liquid
Injectioa Velocities. Ambient Pressure - 140 an Hg,
Orifice - 0.021 in. dia. x 0.042 in. long,
Ambient Temperature, Magnification 2X.
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Velocity,, Flowirate~
ft/sec lb/sec

40 0.0055

60 0.0083

80 0.0110

100 0.0138

Figure 6. Fully Developed UDKH Flow at Various Liquid
Injection Velocities. Aublent Pressure - I um Hg9
Orifice - 0.021 in. dia. x 0.042 in. long,
Ambient Temperature,, Magnification 2X.
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r (a) 750 rnaHg

(b) 150 mm Hg

(c) 100 MM Hg

Figure 7. Fully Developed P'204 Flow at Various
Ambient Pressures. Liquid Inije.tion Velocity-
11.0 ft/eec, Plowrate - 0.030 ib/sec, Orifice

0.024 in. di.x 0.048 in. long, Ambient Tempera-

ture, Magnification 1.8X.

Ii -40-



(c) 740 mm iRg

Pressures. Liqzud Injection Velocity; -11ft/sec,J
Figure 8 .14 in.~ Delopg Abedn2 0 1&t VepeatriosAbent



12+

jO r~ 50

/ r 3 75F00I 8

- U / Ies'ign P -75 psia
6 L Lt -~ 50o n.

// 1 - .351 in.2
/ / w J-0616 lb/sec

To 540OR

At 40 A~e

2k

Time, usec

Pigvre 9- gffecý oZ D~rop Size cn Ra.ý of P-ressurization -CC1 4



I rC rea- d' t '-' -Te t ý,r 42r,, ,.j 7 ,. p r. I j I y of by
somew1hat lower C',,) tdop eratur5. Thoe n-ef effct of the
amller d•t'p sizes on o7h;#imber pressurizAtion is rathrr small.

STABLE III

DROP 7ZEES USED IN THE COkWUTER PRtOGt.AM
TO "7EPRESENT TiBE INJECTED PROP1•LLANT JPRAA'

[mass-Median Radii
Drop Size i 1 i -2 - 2
imicrons micro-7-ec t

75 83 250 720 I

S50 58.3 171 384

Figure 9 shows thaý. the absolute pressure
d..f..creice between the two curves increases with pressure.
However, the percentage pressure difterence is found to be
nearly constant beyond about -I msec. Th. constant '-

tage increase in pressure is about 7% for the 30% rvduction
•n mass-median drop size. Due tc the uncertainties in actual
drop sizes for propellant streams issuing into a~low pressure
environment, it is comforting to find that the 'influence of
array drop sizes on chamber pressurization is quite small.

f. Effect of Accommodation Coefficient

Oversimplified, the accommodation coefficient
may be considered as a measure of the ease with which a molecule
of a substance evaporates from or condenses on a liquid surface
of that specie. The Aecommodation coefficient is unknown
generally for modern hvpergolic propellants as well as for
many common liquids. Furthermore, it is a property extremely
difficult to measure.

To determine the importance of accommodation
coefficient on chamber pressurization, calculations were made
with CC1 4 as propellant but with two values for its accom-
modation coeffi,ýiont, oc . The recognized value of unity for
CC1 4 was used in one calculation and then it wa:s arbitrarily
rmduced to one-half for a second calculation. All other
inputs were kept the same in the two computer runs. The
resulting chamber pressure curves are given in Fi':•ure 10.
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Flgure 10. Effect of Accomuodation Coefficient
on Pressurization Rate - CC 4
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4F in. the case of the drop sizes, the Pffect
of accommodaton coefficient on chamber pressurization is
quite email. kgain, the absolute pressure dtfference increases
wikh pt-essur ; but, here, the percentage pressure difference
gradually decreases as the chamber pressure increases. At 2
msec, the oiessure corresponding to the lower accommodation
coefficient ( Y - 0.5) is almost 17% below Ehe pressure for
the 0 - 1.0 case. The difference diminisnes to about 11%
at 4.00 msec, and to less thau 10% at 6.00 msec for the 50%
reduction in ok.

Initially, the amount of vaporization of a
given size drop when 0 - 1.0 is twice that for O - 1/2.
TLis factor is not maintained, however, since the drop with the
ite C4isz ook to a 'Lesser extent due to the lesser amount
of evaporation. Thus, in the second time ..Aerval, the drop
with V, - 1/2 is warmer than the drop with OL - 1.0 and
therefore (by eu_-.ti-n 1. -r 2) thp rwas6 evaporoted in the '!! :-
time-interval by the drop with C - 1/2 is more tha,. one-half
the mase e-apor-ted by the C - 1.0 drop. "-sequcnLiy, the
direct effect of a low accommodation coefficient is partially
offset ibj !: consequent slower drop-coollng rate, The net eftect
on chamber pressurizaUicn it much less than linear. Again, due
to ohe considerable uncertainties !a :o.pa* accommodation
coefficifnts, it is fortunate that its effect %, hamber pres-
surization is rather small.

•. Thrust Chamber Will fiffects

An experimental chamber pressurization curve wal
measured using bigh response Wistler piezoeleotric pressureStransducers. The experimental conditions are as follows (CC 4

Test #1,6-19)C

I 1ign P", peia 200

A*, eq, ID. 0.137

LO, inch 10.3

Co:actton ratio 9.0

Injector 4-- st doublet

Flow passage G.tside holes
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Orifice diameter (4), inch 0.025

Flowrate, lb./sec 0.0816

Flow control Cavitating venturi

Liquid injection velocity,
ft/sec 60.7

Injector volume, cu. in. 0.0077

Initial system temperature,°R 530

Initial ambient pressure, mmHg 1

Carbon tetrachloride -sas used to check experi-
mentally the theoretical chamber pressurization model because
of its known accommodation coeffi-ient and other properties
required in the computer program. The CC1 4 mass flowrate is
approximately one-half the total mass flow of N_0 4 /UDMH which
generates 50 lbs. thrust in the same engine. Fist-acting
electric venturi valves, which attach directly to the injector,
were used (see Section VA2).

The experimental chamber pressure curve for CC1 4
is given in Figure 11 together with several calculated pressure
curves based on the same engine and CC14 flow. The times for
the experimental curve are measured from the first indication
on the oscilloscope record of a pressure rise iu the thrust
chamber. The time from valve signal to propellant entry is
obviously not included.

The drop sizes used in the calculations are
those given in Table III for a mass-median drop size of 50
microns. The residence time limitation for the lifetime of
the drops in the system is included in the computer runs as is
heat transfer between the vapor and the drops. -Also, the
appropriate accommodation coefficient (unity) is used. The
calculated pressure cuzve under these conditions is given in
Figure lla; it is labeled "no wall heating". For the first
1-1/2 meec, agreement between the calculated and experimental
curves is considered satisfactory; beyond that time agreement
is clearly inadequate.
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100k
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S60

'40

140 ____CC14
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L* - 10.3 in.

20 A*-.137 in.2
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To- 530OR

ac 1. 0

0 2 4 6 8 10
Time, meec

Figv- Ilha. Experimental and Theoretical Chamber
Pressure Histories - CC14
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Figure li1b. Exper~imental and Theoretical Ci~auber
Pressure Hlistories - CC14

-48-



AFRPL-TR-65-257

Aý..,,-ting to the definition of residence time
given previou;ly (hi: :•verage time for a drop traveling at the
injection velocity to reach the chamber wall), the residence
time for the case under consideration is 1.4 msec. Drops that
have been in the system for this length of time have cooled
substantially; in the present case, after 1.4 msec of flow, the
temperature difference between the first drops that entered the
system and the chamber wall ranges from 50 to 70OF for the three
classes of drops. This driving force leads to heating of the
drops when they impinge on the chamber walls, the extent of the
heating depending on several factors. Two cases are considered.

In one case, the drops are brought immediately
to the chamber wall temperature once they have been in the
system for one residence time period. The drops then continue
to undergo evaporation for a second residence time period, at
the end of which the drops are made inactive. This model ef
heat addition to the drop-gas system crudely simulates the
following. A drop undergoes evaporation during the time required
for it to travel to the chamber wall. When the drop strikes
the chawber i•all, the drop is warmed to the wall temperature and
then bouncer off the wall back into the thrust chamber where it
undergap further evaporation. Evaporation continues for another
residence time period, at which time the drop passes through
the nozrle, The chamber wall is considered an infinite heat
source and an infinite heat transfer rate from the wall to the
drop is implied.

The chamber pressurization curve calculated for
these conditions is given in Figure lla and is labeled "wall
heating once". This curve coincides initially with the "no
wall heating" curve. Once the first drops to enter the system
reach the chamber walls (1.4 msec), the two pressure curves
begin to diverge because of the greater evaporation from the
"heated'drops. The ensuing difference between the two calcu-
lated curves is a measure of the amount of heat added to the
vapor-drop system bY the chamber walls. Agreement between the
ftxperirental and calculated curves is improved substantially.

The second case of heat addition considered
simulates drops sticking to the chamber walls rather than
bouncing off the walls after being heated. In this case, the
drops are again brought to the wall temperature once they
strike the wall. But here the drop temperatures are maintained
at the wall temperature while the drops undergo continued
vaporization until their radii decrease to one-tenth their
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Initial *alaas (99.9% of the mass of the original drop eva,)Or-
stew). HoevTer, since the vaporization in kinetically con-
trolled, this case is not the same an assuming complete
vapatiiation, ae will be shown in the following section. To
the calculation, the shape of the drop is maintained spherical,
that is, although the drop stiaka to the will, the shape of
the drop Is not altered.

The chamber pressurization curve calculated
for the condition of "constant wall heating" is also given ifl
Figure Ila and is labeled as such. Clearly the experimental
curve is surrounded by the two calculated caces of heait addition
to the system. One concludes, therefore, that doiepite the
rather short timea involved during chamber pressurization due
to propellant vaporization, the Ympar-drop syste~n ic nca-
adiabatic. Additional experimental evidence verifies quali-
tatively this conclusion. With a Plexiglas chamber and
stainless steel nozzle precooled with dry ice, tte rzessuz-4
in the chamber rose dt~ing the first residence tline pcriced
only.

A calcu'*ation waa ma~de In shich th~d diops were
hl-44ght to-the wall temoerature twice, once after the flrvt
residerce ti"e period &ald agaiia after & second residence time
period. Avapjratier contioued for a -h-1'-d ri'sit~an~e ti~me
period at the end of which the droj'u weure made i;iactivR, The
calculated curve is given Ini Figure ilb together with the
experimental curve given inj Figure Il a- Te haoO4 a~r~eeent
betveon the curves (10%) is a measure of the amount of heat
additiob to the vapor-drop systen and its tiuq dependonýýy.
Bowever. this mo&t' of heat additio~n ±s of course Unr.11.4tIC
S.-Mco sont oplattoriag of the drops woule result when they
strike a wall, some of the liquid mass sticking to the wall
and some bouncing of f with very little beating.

h. Bummiry of Valuen-Steady State Prrsurec qnI

A cea~parIlson of oteady state values calculated
for CMl 4 -according to various ,aodele of chamter pressu~izati'on
Is given in Table IV. A#~ experimental value of the ste~dy
statc chamber pressure resuzlting from CC14 vaperizztioa iL the
engine undor consideratift is incltdod also.

best agreement with the experimental, value oi
chamber proeturea is obtained with the "wall heating tvice"
model givev abowe.
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The lowest calculated value of steady state
chamber pressure results from a model in which the temperature
of the system (both vapor and condensed phases) Is assumed to
be that temperature which gives a vapor pressure equal to the
pas pressure in the chamber. That is, phase equilibrium pre-
vails in an adiabatic system. Equations 3 through 6 of Refer-
once 1 were used.

If one assumes complete vaporization of the
propellant, in effect a gaseous feed, very high steady state
chamber pressures result, the values depending somewhat on
the assumed temperature. This model is very different from
t~e computer calculated case for constant wall heating of
the drops, once they strike the chamber wall. The latter
model is kinetically controlled which results, in the present
case, in only 15% of the propellant flow being vaporized,
an given in the table.

In su&.u&ry, the model which best predicts thrust
chamber pressurization dne to propellant vaporization is the
modal discussed herein which is based on physical kitietics
and a non-adiabatic system. For two prinicpal reasons,
towever, the'model as it preLzntly exists is not complete.
The first reason is that the heat addition aspect needs to
be made generel. Secondly, a comparison between experimental
and rqlculated pressure curves for considerably rfre volatile
propaolants such an N2 04 and Coapound A shows that a finite
time is required for the flow, once initiated, tv build up to
the full floWrate. Substantial "flashing" of these propellants
occurs within the injector volume upon propellant valve opening.
Therefore, only vapors emerge from the injector initially, then
a vapor-liquid mixture, and finally all-liquid flow is achieved.
During the vapor and vapor-liquid periods of flow, the mass
flowrate is substantially below the full, nominal flowrate.
Consequently the pressure in t° chamber rises more slowly than
would be the case without the vapor and two-phase flow condition.

C. Reaction Kinetics

The prediption of ignition Oelays in hypergolic systems
necessitates an accurate knowledge of the rate constants of
the reftction leading to ignition. A first step toward this
goal is the determination ot the overall reaction rate as a
function of the concentrations of reactants and temperature.
A second step is to assess the exact mechanism of revction.
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This part of the report describes the progress which has
been accomplished toward the solution of these two problems.
It is organized as follows. First a background of thermal
explosion theories with regard to their use for the deter-
mnination of reaction kinetics is presented. These coumidera-
tions are followed by a description of the experimental

• apparatus and procedure. A folloring section analyzes the
experimental data and then the experimental results are
discussed, including our present knowledge ^f a product that
is formed 5y preignition reactions of N2 O4 /0 2 H4 -type fuels.

1. TheorZ of Thermal Explosions

Thermal explosions may be expected to develop in f
reacting system whenever the heat liberated from exothermic
reactions exceeds the rate of heat dissipation by conduction
or by convection. Because of the exponential dependence of
the reaction rate on temperature, the rate incraases rapidlyas the temperature rises until an explosion results.

The quantitative mathematical treatment of thermalexplosions has been developed mainly by Semenoff (Ref. 4),

Todes (Ref. 5), Frank-•aaenetskii(Ref. 6), Rice (Ref. 7),
Chambre (Ref. 8), and Thomas (Ref. 9, 10). The progress in
the theory has consisted mainly of finding methods of inte-
gration of the differenti"l heat equation which governs the
process. A good review of the use of explosion limit
phenomeni tor elucidation of reaction mechanism is given by
W. Roth and D. Scheer (Ref. 11) in the Advances in ChemistrySeries of the A.C.S.

Two questions are generally considered in the theory.
The first is to find the so called critical conditions for
ignition. Th!3 aspect of the theory does not connider the time
variable. AlL one is concerned with is the minimum values of
the parameters, (pressure, concentrations, temperature, charac-
teristic longth) above which an explosion develops. This
problem is relatively simple and has been solved analytically
for a nsmber of configurations (slab, cylinder, and sphere).
Af will be seen, the critical conditions for ianition (orexplosion limits) nay serve to determine the global kinetic
factors of the reaction.

The second question concerns the time Interval which
elapses prior to the development of a thermal explosion. ThisI- 'roblm it more complex and analytical solutions are known only

-or the case of a reaction of sero order. A numerical solution

-p8
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has been given by Rice (Ref. 7) in the case of a first order
reaction. No attempt to treat the case of reactions of higher
orde" has ever been made.

In the following, we will be coucerned only with
the explosion limits. We will discuss their use for the
establishment of reaction kinetics.

a. Explosion Limits

Let us consider a reactive mixture contained
in a closed vessel of constant wall temperature TO. In this
case the transfer of heat is only by conduction as convection
currents are assumed to be negligible. The appropriate equation
for thermal balance between the heat generated by the chemical
reaction and heat conducted away is then:

-V 2 T - -QW (29)

where

thermal conductivity of mixture (cal sec-lcm-loK-l)

T - gas temperature (OK)

Q - heat of reaction (cal mole 1 )

W - reaction velocity (mole sec-lcm- 3 )

2- Laplacien operator (cM- 2 )

We have now to find a solution of (29) under the
given boundary conditionS. As long as such a solution exists,
the systi* is stable. The value of theparazeters at which such
a solutibn 'becOcus impossible is then taken as a condition
of inflaiation. For a wide class of reactions, one may write
the ArrhibiuS reaction rate expression as

W(ca, cb, T) -Aca Cc exp E (30)

where c and Cb are concentrations of reactants A and B
resp~ctfVelt. I is the Onergy of activction (cal mole-b) and A
is the se-called frequency factor. As a first approximation
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we will consider A as constant*. The symbols m and n are the
partial order- relative to A and Brespectively. By definition
the total order of reactionN,is N - m + n.

Substituting expression (30) for W in equation
•• .LW LeAusM~i Laianue equation becomes:

V2T A• A ca c n exp (j ) (31)

Analytical solutions of equation (31) can be found if the two
following approximations are made.

I) The exponent in the term e-E/RT is expanded
as first proposed by Todes in a power series (T-To)/To (where T,
is the wall teamperature) and powers hither than one are neglected.
The following expression results:

-. "- E_[ T-o

R RTo W

It is worthwhile to note, sinve the expansion
is valid only for values of T/To close to unity, that Todes
approximation implies RTo/E «< 1.

2) The concentrations of reactants are assumed
to vary only slightly durinb the inductior period so that the
effective concentration of A and B at the ignition point may be
approximated with the initial concentrations c and cbo
respectively.

Under the above assumptions it has been shown
first by Frank-Kamenetski• that the criterion for thermal igni-
tion is:

_q r 2 -a cbon A exp (- (32)

----------------------------------------------------------------------- ---- -- -------

.. * Strictly spetking A is only constant in the came of a
resetion of the first order. When the order of reaction

is superior to one, A is a weak function of temperature.
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Expressing Cao and cbo in terms of total
pressure, P, and initial mole fractions Kao and Xbo of A and

"n° P60 -Xo-PR ond Cbo Xb, P.

S T0  - oRT

where

nao - initial moles of A in the vessel

V - volume of vessel

PRO partial pressure of A

Pbo " partial pressure of B

Substituting these values of cao and cbo in (32) gives:

6  Q E X A exp (33)
X RToz Xbo RT 0

In this expression r is a characteristic length

and S is a non-dimensional constant. The numerical value of

6 depends on the geometry of the vessel and has the value of

1, 2 and 3.32 in the case of a slab, cylinder and sphere,

respectively.

b. Determination of Reaction Kinetics from Explo-
sion Limits

Equation (33) is the basic equation used for

the determination of reaction kinetics from explosion limits

data. In the following sections three categories of explosion

limit, data, depending on the parameter which is maintained
conitant, are considered.

i. Overall Order of Reaction, N

If the temperature and composition of

the mixture are maintained constant and the vessel diameter
is varied, equation (33) can be written in the form
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0 TL R expP E ~OL A X".% X n=COJC~
&O be

(34)

or I"' V- -in C 1ý vIt~~

Thus, a plot of in Pvs In r yields a straight line from whose
slope one can determine N, the overall order of reaction.

ii. Partial Orders of Reaction, n and a

If the temperature and reactor size are
maintained constant and the composition is varied, equation (33)
can be written as

Xo n c tLvitt

with cerkn&e't a T t4+2 R P464 6 A -ex Ps;

It can easily be shown that the pressure limit has a minimum
for a value of X&O equal to •, allowing a determination of the
partial orders a and n if th8total order of reaction, N, is
known.

iii. Activation Fnerry,, E

If the composition and the reactor size are
maintained constant and the inttal temperature, To, is varied,
equation (33) can be written as

A +m

In F

EX

= _

S-$7



AFRPL-TM-65-257

Thus, a plot of In vs. gives with a good
04 E

approximation a straight line with slope equal to - . This
permits a determination of the activation energy, if the over-
all order of reaction, N, is known.

To summarize, the overall order of
reaction N can be obtained from the effect of vessel size on
ignition pressure limits. Also, the composition effect allows
a determination of the partial orders relative to each reactant.
Finally, the effect of temperature allows a determination of
the activation energy.

2. Experimental Apparatus

,'he considerable reactivity of N1204 with the hydra-
zine-type fuels requires that an experimental technique be used
that slows the ignition reaction to a point which permits valid
measurementsto be made. Several techniques are possible: low
temperatures, considerable dilution by an inert substance, or
low pressures. The latter was chosen for several reasons.
Since the reactions of interest are gas phase reactions, low
temperatures are rulEJ out. Dilution by an inert substance is
undesirable in general for kinetic investigations due to
possible "third-body" effects, or influence, on reaction mechan-
isms. The low pressure technique was adopted so that the
desired gas-phase reactions of the undiluted reactants could be
studied at temperatures within the range encountered during the
start-up of operational reactinn control systems.

The apparatus used for the determination of the
kinetic factors required in the mathematical model is shown
schematically in Figure 12. It consists of vaporizing and
flow metering sections, a flow reactor and a low pressure
housing with observation windows and instrumentation.

a. Vaporization of Propellants

i. Fuels: Since the substances studied &re
liquids at room temperature, whereas vapor is desired, it io
necessary to provide a means for vaporizing the propellants.
All four hydrazine-type fuels investigtted, N2 H4, WM,, UDiMo,
and 50-50, are hazardous and could give rise to explosive
decomposition when vapors are in contact with metal. Therefore,
an all glass vaporization system was used. The liquid was
vaporized in a glass coil heated at 90oC, and was allowed to
expand in a I liter flask maintained at the same temperature.
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The pressure In the vaporirer "ra monitored by a mercury
manometer as st•," i& F•g•are 12. The vapors were then admitted
to an all-glass,. hoatto line conaecrted to the flow reactor.

rom a. rW04: Gassaus N204 was taken directlyfo a cylind;er i1wrll n t constant temperature bath at •

-COC. The vapor pressure at this t?'perature is a little
a bove I atmosphete. The heat souca was sufficient to maintain
iteady floe conditionm up to 0.2 gr /sec. This flow was
aaequate for the purpose of th4 experiments.

I. Fual: The hydrazines w"re flow rated in
the liqufd phase wita caT4.brated ro..ameters prior to entering
the vapl-iwer dascribeJ above. Rach of the fuels was calibrated
iadiv'i;aally. It took, in general, a few minutes before steady
flow coaditions were reached in the whole fluw system. Stabilized
flow@ were .stablisLtd in each test before data were taken.

ii. l : Nitrogen tetroxide was flow rated
in toe gaseo•s form a-pressure slightly below ambient
OW b ft). Te rotameter was aaintained at constant tempera-ture algt~lyl !)eve ambient, 300C. Under theme conditions the

vf•ors xre & Aixture of X 204 aud N02. Therefore, the flawrator
a calibrated In terms of mass flow by collecting the vapors

In a condeaser at liquid nitrogen temperature and weighing the
mesa collectel durina a measured time period.

e. The Flow Reactor

TMe flow reastcr shoaw 3chomaticlly in Figure A2
was a pyr )x tube open at one e.id to the ambient atmosphere of
the Lv pressure -ousing described bolow. The standard flow tube
In which most .)f the *L•perimets ha-e been conduct"d hid ia'
di&"eter of 4.7 cm and a mixing length of 51 ca. Two other
diameters of 2.2 " aa;31 Q.6 cm aleo were used. The flow tube
was lowted in an inaulated housing and could be heated elec-
tric*11yover its entire length up to temper:tures of 3000 C.
%Ifore entering the flow tube, the reactants were preheated to
the reactor temperature and were premixed in a small sec#ion
whof-, d1imeter is approximately 1/3 that of the reactor.

d. Concentric Tube Arranp rafit.ng
Soe i6vnttion experiments were performed using

the concentric tutbe arrangement shown in Figure 13. The concen-
tric tnbe arrangement differed from the flow reactor discussed
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Fuel -I

L.. Oxidizer

Figure 13. Concentric TubpReactor

above in that the exits of the inner and outer tubes were in
the same plane and mixing took place in the vacuum tank. These
experiments were not intended for reaction kinetic study but
were performed in order to compare the hypergolicity of the
N204/hydrazines combinations with the F 2 /H 2 system on the same
scale. The oxidizer was fed through the inner tube (1.2 cm
in diameter) and emerged as a free jet in a concentric flow
of fuel (4.7 cm in diameter).

e. Low Pressure Housing

The low prescure housing was made of stainless
steel for corrosion resistance. It is a cylinder three feet
high and 12 inches in diameter. The reaction tube and insulated
housing are mounted in a stainless steel tube which is water
cooled to prevent heat transfer to the surrounding shroud gas.
The reactor assembly is installed through the lower flange of
the low pressure vessel by means of a vacuum feed-through and
can be moved up and down automatically. The pressure in the low
pressure vessel is regulated both by a throttle valve in the
connecting line to the high capacity pump and by an appropriate
bleed of shroud air or nitrogen whSoch has the additional func-
tion of diluting the corrosive gases.

6 .1
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f. Temperature Measurements

The temperature in the flow tube or in the
exhaust stream is measured by means of Pt - Pt/Rh thermocouples
made of wires of 0.2 an in diameter. In one experiment the
thermocouple bead was covered with a coat of Si02 to prevent
the possibility of catalytic effects. As the readings did not
differ from those obtained with the bare thermocouple it is
concluded that no catalytic surface heating of the thermo-
couple took place and that the thermocouple, coated or uncoated,
indicated the true temperature of the gas. Subsequently, most
experiments were performed with an uncoated thermocouple.

g. Gas Sampling

The sampling probe was made of a pyrex tube,
0.8 cm in diameter, which had been drawn At the extremity to
reduce its diameter. The diameter of the throat was 0.2 mm.
As it was not intended to quench the reactions, the throat
diameter was not of critical importance. The gases were with-
drawn into a pre-evacuated vessel and were later analyzed mass-
spectroscopically.

3. Experimental Results

a. Ignition Limits

i. Flow Reactor: The procedures for the flow
reactor tebts are as follows. The apparatus was first evacuated.
Then a bleed of nitrogen of about 1 cfm was admitted into the
pressurs vessel and by adjusting the throttling Valve in the
vacuum line a pressure of about 0.5 mm Hg was maintained in
the vessel. Gaseous fuel and oxidizer were then allowed to
flow into the reactor. When steady flow conditions were reached
the ambient pressure in the chamber was gradually raised by
bleeding air into the vacuum line through an auxiliary valve.
Ignition occurred at some minimum pressure and was observed
visually. It was somewhat difficult to distinguish if ignition
occurred:in the tube or in the free jet. However, the occur-
rence-of ignition was unmistakeable as it resulted in a visible
flame either anchored at the open end of the reaction tube or
flashing back and forth in the tube.

All experimental data obtained with the
hydrazine-type fuels are reported in Tables V, VI, VII, and
VIII. Minimum ignition pressures for the vapor-mixtures of
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N02/MMH, N02/UDMH, N02/50-50 and N02/N2H4 are given in the
respective tables. The important parameters from a kinetic
point of view are, as discussed above, the equivalence ratio
0, the initial temperature of the reactor, To, and the reactor
diameter. These arc listed respectively in Columns I, II,
and III. Column IV gives the length-to-diameter ratio (L/D),
and Column V, the mean flow velocity of the gas in the reactor.
The minimum ignition pressures are reported in Column VI. The
order in which the data are reported in each table has been
organized so as to show the effect of the individual parameters
listed above.

ii. Concentric Flows

Minimum ignition pressures using the
concentric flow arrangement of Figure 13 were obtained for
N02/MMH and for F2/H2. The procedure with N02 /MMH was similar
to that used for the determination of the ignition limit in the
flow tube arrangement. First, the desired flows were established
with a low ambient pressure in the low pressure housing. Then
the pressure was gradually raised until ignition occurred. The
result of the ignition was a diffusion flame which burned at
the exit of the inner tube.

With F2/H2 the experiments were performed
in the large tank used in Task III of the program. The flows
of H2 and F2 were metered by means of calibrated orifices in
a manner similar to that described for the impinging stream
tests. The control valves were preset for a running time of
1 second. Each experiment was conducted with a given pressure
in the tank. The limit of ignition was found by trial and
error. Here again the ignition resulted in a diffusion flame
anchored at the open end of the inner tube. The minimum
ignition pressures with the pertinent flow parameters are given
in Table IX. It is seen that under similar flow conditions
F2/H2 has an ignition pressure lower than that of N02 /MMH.

b. Temperature Profiles

A typical longitudinal profile taken along the
center line in the 4.7 cm diameter tube with a flow of 3.2 meters/
sec of stoichiometric N02 /MMH at 5.1 mm Hg is shown in Figure 14.
The figure also shows profiles taken without flow in the reac-
tion tube, one (Curve I) immediately before, and another (Curve
III) immediately after the experiment. The data shows clearly
that a low temperature reaction with heat evolution is taking
place before ignition and corroborates, therefore, the general
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TABLE V

MINIMUM IGNITION PRESSURES OF N0 2/•MH VAPORS
IN FLOW REACTORS

0 D L/D U P PavE.
-. - ____ca a/sec -Hag

0.25 298 4.7 4.76 >11

0.55 >10
2.29 6.00 6.0

1.0 0.96 5.56
1.50 5.35 5.32
3.18 5.05

2.0 1.72 4.00
2.29 4.50 4.65
3.79 5.45

2.3 1.84 4.15
2.47 4,65 4.60
3.89 6.05

3.0 1.85 4.55
2.43 5.20 4.87

4.0 2.07 4.80
2.78 5.35 5.07

5,0 2.34 4.90
3.05 5.66 5.28

1.0 404 4.7 4.76 4.95 2.2
5.80 2.5
8.06 2.7 2.83
9.66 3.0

12.1 3.0
15.7 3.6

1.0 298 4.7 10.8 0.88 6.1
1.48 5.6
2.75 5.85 5.67
3, 57 6.0
5.05 5.3
6.44 5.3

2.5 2.64 2.9
3.48 3.3 3.57
5.10 4.5
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TABLE V (continued)

0 T1 D L/D UPvg.
ca m/sec m g m 3

1.0 293 6.6 4.8 0.45 6.0
0.94 4.35
2.17 3.60 4.22
3.82 3.55
4.71 3.6

2.5 1.69 2.30
2.20 2.65 2.68
3.75 3.10

1.0 298 6.6 9.5 0.46 5.85
1.21 3.37
2.63 s.10 3.83
4.05 3.35
4.85 3.50

2.5 1.94 2.0
2.64 2.2 2.38
3.94 2.95

1.0 298 2.2 11.5 2.16 11.3

3.25 11.3
6.49 11.3 11.9
7.82 12.5
9.41 13.0

2.5 4.54 7.7
5.80 8.9 9.2
9.54 11.0

1 298 2.2 30 3.56 10.3 10.25
7.20 10.2

2.5 5.29 6.6
7.28 7.2 7.4

12.5 8.4

0.5 5.25 14.0
0.75 6.44 11.4
1.0 8.33 8.6
1.5 10.03 7.3
2.0 10.05 7.3
3.0 -- >16.0

1OEB 0. SY0 Acuaquivalence Ratio

volume

To Initial wall toeperature of flow reactor

D Diameter of reactor

L a Length of reactor

U Initial gas velocity
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TABLI VI

MINIMUM IGNITION PRESSURES OF I02/ VA IN FLOW
REACTORS

0 T D W/D U p
- of ca ______nec Ng

0.25 298 4.7 4.76 3.98 5.1
4.23 4.8 5.3
6.40 5.4
5.85 5.9

0.5 2.98 4.4
4.67 4.6 4.5
8.31 4.4

1.00 2.39 3.0
4.78 3.0
6.60 2.9 3.1
7.50 3.1

11.61 3.5

1.50 4.38 2.4 2.45
4.20 2.5

2.00 3.44 2.5 2.5
6.89 2.5

3.00 2 2.91 2.3
I 4.01 2.5 2.t7

7.72 2.6

4.00 3.33 2.3 2.4
4.59 2.5

5.00 3.44 2.5 2.5
4.59 2.5

6.00 3.66 2.6 2.75

4.95 2.9

7.00 5.09 3.1

1.00 341 4.7 4.76 5.13 1.6
6.44 1.7
8.64 1.9

10.95 2.0 1.98
13.69 2.0
17.21 2.7
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TABLE VI (continued)

01 T D L/D U P Pavg.
____ Ca -/sec am ig am

1.00 403 4.7 4.76 19.4 1.0
23.6 1.1 1.2
24.9 1.3

1.00 298 4.7 10.8 2.17 3.3
3.54 2.7
4.78 3.0 2.9
5.62 3.4
7.71 3.1

3.00 4.18 1.6
6.27 1.6 1.73

10.03 2.0

4.00 4.78 1.6
6.37 1.8 1.76
8.25 1.9

1.00 298 2.2 11.5 6.33 6.9
9.77 6.7

12.7 6.9 6.9
- 16.3 6.7

18.9 7.2

4.0 13.2 5.3 5.6
17.8 5.9
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TABLE VII

MINIMUM IGNITION PRESSUR]N3 OF N02/50-50 VAPORS IN FLOW
F.MCTORS

0 T D

1.0 298 4.7 10.8 2.30 3.6
2.77 4.0
3.68 4.5 3.93
6.54 3.35
7.16 3.85
8.01 4.3

2.26 3.82 2.0
5.46 2.1
6.24 2.45 2.56
6.20 3.7

1.0 298 2.2 11.5 6.49 7.8
9.45 8.0 8.03

12.2 8.3

2.26 10.3 5.1
11.3 6.2 6.33
1.3.6 7.7

TABLE VIII

MINIMUM IGNITION PRESSURES OF N02 /N 2 H4 VAPORS IN FLOW
REACTORS

0• D L/D U P Pavg.
cm 5eC -- g -m f

0.75 298 4.7 10.8 2.29 11.7

1.0 1.61 9.5
2.18 10.5 10.43
2.71 11.3

2.0 1.64 10.5
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TABLE IX

MINIMUM IGNITION PRESSURE IN FREE JETS

Type Oxidizer Fuel Jet Ignition
Flow Flow Velocity Pressure
cm3 /sec cm3 aec cm/sec mm Hg

STP STP OTP

1102
in MMH 12 24 520 15.3

F2 in H2  50 Z00 7500 12.0

F 2 in H2  25 300 3750 11.5

Diameter inner tube - 1.2 cm

Diameter outer tube - 4.7 cm

STP - Standard Temperature and Pressure

OTP - Operating Temperature and Pressure
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picture of thermal ignition which is postulated in this work.
However, some experimental difficulties for the quantitative
study of the reaction kinetics are apparent. Namely, a gradual
increase of the wall temperature is taking place during the
run as can be seen by the comparison of the profiles taken
without flow Lefore and after the experiment. Secondly, during
the time needed to take the profile with' the traversing
mechanism (2 to 4 minutes) a condensate of low vapor pressure
was observed on the walls of the tube and also on the thermo-
couple. The importance of this condensate or adduct will be
discussed further later in this report. False readings of
temperature were a very likely possibility under these ctiditions.

In order to eliminate these eventual causes of
error, it was, therefore, decided to take the temperature point
by point allowing only a minimum running time so that the wall
temperature during the run would hPve &hanged only by a negli-
gible amount. Such a technique was used to determine the
temperature profile in the tube Just prior to ignition. With
the thermocouple located at a fixed position in the flow tuhe,
the dosired propellant flow rates were established at a low
ambient pressure (^,1 m" Hg) in the stainless steel vacuum
tank. Ambient pressure then was increased gradually until
ignition occurred. The tempezature rise was recorded as a
function of time and the maximum temperature reached just prior
to ignition was noted.

The results of these experiments are reported
in Figures 1.5 and 16 wh:.eh give the temperature profiles obtained
with stoichionetric NO2 /IWH and N0 2 /UDMH, respectively. It
should be noted that the temperature rises immediately from the
mixing point and that it reaches a maximum. Such behavior in-
dicates that the reaction starts immediately without any in-
duction period. This point is of importance with regard to
the mechanism of reaction as it tends to indicate a pure thermal
mechanism, without chain branching.

c. Analysis of Reaction Products

The analyses reported herein refer to the products
of the low temperature reaction occurring prior to ignition.
No analyses of the end products of the explosive reaction were
performed.

i. Gas Phase

The probe was located at the center lne
and exit plane of the 4.7 cm tube of L/D - 10. Only the
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stoichiometric NO2/1MH was investigated at pre-ignition pres-
sures ( < 5 mm Hg). A shroud of helium gas was used in order
to eliminate any doubt concerning the origin of N2 in case
this gas would have been present in the reaction products.
The result of the mass spectrometric analysis are given in
Table X. It is seen that only 2% of CO2 appears in the pre-
ignition reaction products. No nitrogen was found and no
trace of NUB could be detected. It must be noted that the
composition reported cannot by any means represent the exact
composition of the exhaust gases as the reaction was not
quenched, and in reality, continued in the sampling container.
The analysis is revelant, however, in the sense that no nitrogen
or hydrogen was formed and that only CO2 appeared as an end
product but in rather small amounts.

ii. Condensate

Upon mixing, the vapors of the hydrazines
with NO2 give a large'amount of smoke. This has been reported
by others previously. In our apparatus the liquid droplets
condensed further on the walls and collected finally as a
viscous yellow liquid at the base of the flow tube (placed
verticaily). The nmount of condensate was the greatest in the
case of N02/MMH and !mounted to more thtn 20% by weight of
the initial reactants in some experiments.

Results of the elemenzal analyses of the
condensate are given in Table X for NMB and UDMH as fuels.
The elemental analyses agree reasonably well with additive
compounds of formula MMH-N02 and UDMH.NO2 .

The infrared absorption spectra, Figures 17
and 18, show the presence of nitrate and amine groups. No free
MM or UDKH was detected.

d. Thermochemical Data for Condensate

Some preliminary thermochemical data for the
IM adduct was also obtained. The heat of combustion with oxygen,
as deternined from limited bomb calorimetric tests, is 3090
cal/gr. This gives a heat of formation of the adduct of
/Ht - -0.8 kcal/gr based on the elemental analysis.

-74-



tFRPL-TR-65-257

TABLE X

ANALYSIS OF REACTION PRODUCTS OF PRE-IGNITION
REACTION, NO2 A¶•H

GASEOUS PRODUCT OF SYQICHIOMETRIC N0 2 iMo H

AT 5 MM Hg

N204 98%

CO2 - 2%

Helium Trace

None

ELEMENTAL ANALYSIS OF CONDENSATE
NO2 /IMH

Carbon 14.6%

Hydrogen 8.4%

Nitrogen 46.4%

Oxygen (by difference) 30.9%

NO2 /UDMH

Carbon 23.0%

Hydrogen 9.1%

Nitrogen 26.8%

Oxygen (by difference) 41.1%
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4. Discussion of Reaction Kinetics Results

a. Ignition Limits

i. Effect of Flow Velocity

Each set of data consists of pressure
limits for a number of flow velocities, all other parameters
being maintained constant. It will be seen that the minimum
ignition pressure has a tendency to increase with flow velocity
within the limit of the flow rates investigated. This is a
normal effect as it is known (Cef. 1) that there is an upper
flow velocity limit called blow off limit above which no stable
flame can be maintained in the stream. The important point
is that in approaching this limit the ignition pressure does
not vary drastically with the stream velocity. This is
especially true for the stoichiometric mixtures. However, for
the fuel rich mixture the velocity effect is somewhat greater.

ii. Effect of L/D

Disregarding as a first approximation the
effect of velocity, mean values of pressure limits over the
velocity ranges investigated may be computed. These values are
listed in Column VII of Tables V to VIII. This averaging pro-
cedure is used to determine the effect of LiD on the minimum
ignition pressures. -In Table XI, the mean values of the pressure
limits which are tabulated as functions of L/D and the equiva-
lence ratio are compared where possible. Three sets of data
exist for N0 2 /MMH and one for NO2 /UDMH. It will be seen first
that no appreciable effect of L/D can be detected for the
stoichiometric mixture (0 - 1). For rich mixtures, however,
the minimum ignition pressure increases when L/D decreases.

iii. Effect of Reactor Size

The fact that L/D and velocity effects are
negligible for stoichiometric mixtures makes it now possible to
determine the true effect of diameter on the explosion limits.
This is important since it permits the total order of reaction,
N, to be deduced from these data. Since the L/D has only a
slight effect for 0 - 1, it is possible to average again the
pressure limit values of the two L/D's for each reactor size.
The resulting averages are plotted in Figure 19 as ln P vs. ln r.
In the case of K0 2 /•NM,for which three data points are available,
a straight line is obtained with a slope indicating an order of
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TABLE XI

NMCT OFP R]•CT L/D ON MINIMUM IGNITION PRESSURES,
N0 2 /MME and N02 /UDKH

6.6 cm Tube, UK

4.8 9.5

1 4.22 3.83 4.02

2.5 2.68 2.38
Im

4.7 cx Tube, WEI 4.7 ca Tube, UDEH

4.76 10.8 4.76 10.8
avg.z *avg.-

1 5.33 5.67 5.50 1 3.1 2.9 3.0

2.5 4.60 3.57 3 2.47 1.73

4 .4 1.76

2.2 cm Tube, NIHLID 
Note: Minimum ignition

11.5 30 pressure units
- -are ma Hg

Ovg* =

1 11.9 10.2 11.0.

2.5 9.2 7.4
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reaction close to 2. For NO2 /UDMH and N02 /50-50, only two
data points exist but the lines joining the two points
indicate again an order of reaction close to two.

iv. Effect of Equivalence Ratio

For the N02 /iMH mixtures two sets of data
are available, one taken in the 4.7 cm tube with an L/D of 4.76
and the other taken in the 2.2 cm tube with an L/D of 30. Using
the averaging procedure described above, the minimum ignition
pressures are plotted in Figure 20 against the equivalence ratio.
In both cases the minimum is found on the fuel rich side. It
is somewhat difficult to define exactly this minimum because
the curves are quite flat but it can be estimated at about
S - 2.5, I.e., the equimolecular mixture NO 2 + CH3 N2 H3 . In
the case of N02 /UDXH as indicated in Figure 21, it seems again
that the minimum is close to the equimolecular composition,
which is 0 - 4. Thus, for these two combinations the data
indicate-partial orders of reaction close to 1 relative to
fuel and oxidizer.

No complete set of data are available for
N02 /50-50 and N02 /N 2 H4 . The only statement which can be made
regarding the ie combinations at the present time is that the
equimolecular mixtures ignite somewhat easier than the other
mixture ratios tested.

v. Effect of Temperature

The effect of initial temperature was
investigated for N02 /NNH and NO2 /UDMH. The measurements were
made using the 4.7 cm tube of L/D - 4.76. Averaging again the
minimum ignition pressures over the velocity ranges investi- 2
gated, the results are shown in Fdgure 22 in a plot of In P/T
against l/To. The three experimental points for N02 /UDMH fal?
on a straight line whose slope corresponds to an energy of acti-
vation of E - 7.2 kcal/mole. Two pointr. only were taken for
N02 /MMH. The slope of the line indicates an energy of activation
of 5.2 kcal/mole. The temperature effect for N02 /50-50 and
NO2/N 2 E14 was not investigated.

vi. Comparison of Reactivities of Hypergolic
Combinations

This comparison is best given by the
pressure limits obtained for the stoichiometric mixtures in
the 4.7 cm reactor of L/D - 10. The comparison is shown in
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Tablo X11 which incluft_ 4s the concentvic flow tests. Th*
f Iowig oderof reactivity I. indicated: 902/UD= >1N02/ 4

;S50 > N02/= > N02/N2H.

b. ftteramination of the Beat Releasn FactorM4

So far the analyses of the experiwntxl fata
on explosion limits has permitted us to establ~sh the cverall
kinetics of the feaction. The total order of reaction for the
two sywtems completely investigated (N021MMH andNO/M
has been found to be close to 2 and their partial orders
relative to fuel nnd oxidizer, close to 1. It is now possible[
to write the rate erpress4on for reaction rate in the form:

W - A clc2 exP (

where cl and rA represent the concentrations of fuel and
oxidizer, r.ý,spectively. Substituting this expression into
equation (32), the Frank-Kamenotskii criterion for thermal
:'gnitioo4 becomes:

E r ZC1 C A CP F-(35)

* In thiis expression all quantities are known from the explosion
limits data. with the exception of A and Q. It is thus possible
to calculate the product AQ. This calculation will be performeSd
in de~til for the case of 102iwi. The explosion limit is taken

*as 5.5 ama Hg whaich is the mean value obtsined fo? the stoichio-
netr.'hc mixture at To - 22801 in the tube of 4.7 cm diameter.
TakLng for I te value of 5.2 kcal/nole and takinag ior jk a

* value of 4 x 10-3 Cal sec-1 cm-I degree-1, the following data
are known:

To 2980K

r- 2.35 cm

C 0.84 x 10-7 mole/cc

c2 -2.1 x 10-7 mole/cc
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- 4 x 10-5 cal/sec-cm-°C

E 5.2 x 103 cal/mole

Substituting these values into equation (35), the product AQ
becomes:.

A Q - 1.7 x 1014 cal cc
molez sec

The product AQ may also be evaluated using a
quite different method. Considering the temperature profile
at the center line, as shown in Figure 15, it is noted that
the first part of the curve is quite linear. In this region
it might be assumed as a first approximation that heat losses
by conduction to the wall are negligible. This is certainly
true in the central region of the tube before the boundary
layer is fully developed. Taking for the k4nemati, viscosity
the value of V - 13.3 cm2 sec-" and for the initial linear
velocity the value of Uo - 245 cm/sec, it is found that the
boundary layer merges in the center at a distance of 16.3 cm
from the origin. For the central, initial portion of the tube
the heat equation can be written in the form

pc 9 U w Q A A( c,c& exp ( )(36)

with .0 - density, cp - specific heat and U - velocity at
the center line

Applying this equation at x - 10 cm from the origin and taking
into account the pressure and composition of the mixture, it
is found that:

•m 2.4 0 C/cm

U - 375 cm/sec

T- 347°R

c1 - 0.79 z 10-7 mole/cm3

c2 - 1.99 x 10-7 mole/cm3
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Cp - 0.24 cal/gr-°C

po . 1.4 x 10-5 gr/cm3

These values, substituted into equation (36), give

AQ - 3.4 x 1014 cal cc
mole2 sec.

Considering the uncertainties in the values of cp and A,, the
areement between the two methods must be considered as very
si1isfactory. It should be noted that the value from the
temperature profile method is preferred as it is more direct
and is independont of the approximations involved in the theory
of thermal explosions.

c. Pre-ignition Gas Phase Reaction Mechanism

In defining a scheme of reaction for the processes
leading to hypergolic ignition in the gaseous mixtures of the
hydrazines with nitrogen dioxide the following facts have to be
accounted for:

(a) A low temperature reaction with heat generation takes
place in the gaseous mixture prior to ignition.

,b) The energy of activation of this reaction is low and of
the order of 5 to 10 kcal per mole.

(c) The total order of reaction, N, is close to 2 and the
partial orders relative to fuel and oxidizer are close to
unity.

(d) The reaction starts without any apparent induction period.
(e) Chemical additives tested have in general no other

influence than the small influence expected from a
diluent.

(f) A liquid condensate of low vapor pressure and showing
a 1/1, F/O molecular composition is formed prior to
ignition.

The fact that no induction period is observed and that chemical
additives have in general no influence on the rate of reaction
leads first to the conclusion that the low temperature reactions
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are not of the chain type. Further, the order of reaction
and the adduct formation point toward a molecular association
reaction between fuel and oxidizer. It is difficult at present
to decide whether this association reaction is a necessary
step or only a side reaction in the mechanism leading to
ignition. However, we will venture to propose the following
physical picture as a working hypothesis.

When fuel and oxidizer come into contact, they
first form an adduct which further dimerizes to form the con-
densate of low vapor pressure. These steps are accompanied by
a significant heat evolution. The heat liberated is only a
fraction (10%) of the total heat liberated by the explosive
reaction but it is sufficient to bring the mixture to a
temiperature level where decomposition and explosive chain
reactions are initiated. It is well known that nitrogen tetroxid:
forms addition compounds with most organic compounds that are
able to donate electrons. Electron donors usually form a 2:1
compound which may be represented as

0 0O

N- N0N. 0

It is well possible that the condensate isolated from the
NO2 /XMH reaction could be a compound of this type as the
elemental analysis gave C, H and N in the proportions of 14.6,
8.1 and 46.4 which is in reasonable agreement with the
theoretical values of 14.5, 8.25, and 47.3 for a compound of
the formula (CH3 N2 H3 .NO 2 ) 2 .

Some interesting conclusions concerning the
mechanisms of reaction might further be drawn by considering
the results of the thermochemical data. The data were obtained
from only a limited'number of tests and certainly require
verification. Nevertheless, we will use the existiug preliminary
information. From the determined heat of formation

Rfo - -0.8 Kcal/gram

and the known heats of formation

AHfo - 23.2 Kcal/mole for VMH(g)

and' &Hfo - 7.9 Kcal/mole for N02(g)
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we find for the reaction, assuming the adduct is (CH 3 N2 H3 NO2 ) 2 ,

NMH(g) + N0 2 (g) - 1/2 (CH3 N2 H3 NO2 ) 2 (1) + AH - 105kcal

Assuming that this reaction is the dominant exothermic process
in the low temperature regime prior to ignition, the value of Q
appearing in the heat equation (36) and (35) might be identified
with - AH - 105 kcal.. Thus taking 3.4 x 1014 cal cc mole-2sec-1
for the value of AQ, we find for the frequency factor of the
bimolecular association reaction

A - 0.3 x 1010 cc mole-lsec-l

Such a value is substantially lower than the collision fre-
quency, Z, which for moderate size molecules is of the order
of Z - 5 x 1014 cc mole-Isec-1. Thus, only one efficient
collision occurs for every 50,000 collisions between the
reactant molecules and the steric factor f - A/Z has a value of
6 x 10-6. In most bimolecular reactions of free radicals with
molecules, 0.1 < f < 1. However, certain additional'reactions,
for instance at double bonds, have low f values (10-3 - 10-5).
Furthermore, it has been found that molecular association
reactions have in general low A values. For instance, Kistiakowsky
and Stouffer (Ref. 12) found for the A.-factors of the association
of hydrogen bromide and hydrogen chloride with 2-methyl propane
values of 1010.2 and 1011 mole-lcc-sec-1 which are fairly close
to the value obtained for the reaction between NO2 and MMH from
the preliminary thermochemical data on the adduct.

5. Summary and Conclusions

The analysis of the experimental data on explosion
limits has permitted us to establish the overall kinetics of
the low temperature reactions leading to ignition of the two
systems N02 /MMH and N0 2 /UDMH. The total order of reaction for
these two systems is close to 2 and the partial orders relative
to fuel and oxidizer are close to unity. The energies of
activation are 5.2 and 7.2 kcal/mole for N0 2 /MMH and N0 2 /UDMH,
respectively. Partial data for the systems N0 2 /50-50 and
NO2 /N2H2 have been obtained. The total order of reaction for
NO2/50-50 has been found to be close to 2. The minimum ignition
pressure for N0 2 /N2H4 has been determined in the case of the
stoichiometric mixture, which is also the equimolecular mixture,
and indicates a reactivity less than those of the other hydra-
zines.
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.The formation of an adduct of low vapor pressure
and of near 1/1 molecular composition relative to fuel and
oxidizer has been observed and analyzed in the case of N02 /WMH
and NO2/UDMH. A condensate was also observed in the case of
N02/50-50 but it was not analyzed. Both its appearance and
quantity formed are similar to the N02/MMH adduct. A
considerably lesser amount of the N02/UDMN adduct colle-nted in
the liquid state at the base of the burner assembly.

A synoptic representation of these conclusions is
given in Table XIII.

D. Statement and Results of Mathematical Model of Hypergolic
Ignition

In this section, the results of Sections B and C on
chemical kinetics and chamber pressurization due to propellant
vaporization are combined into a mathematical model of hyper-
golic ignition in reaction control systems at space conditions.
The model and the assumptions involved are discussed first.
Subsequently, calculated ignition delays are given and compared
to experimentally measured values. Finally, overpressures
which occur during engine start-up transients are considered.

1. Hypergolic Ignition Model

a. Dominant Ignition Reactions

It is assumed in the mathematical model that the
dominant ignition reactions are gas-phase reactions. Some
experimental justification for this assumption comes from the
work of the preceding ten-month program reported in Ref. 1.
Figure 31 of that reference is a log-log plot of average ignition
delays vs. pressure for a number of hypergols tested in an
unconfined impinging stream apparatus (i.e. impinging stream
injectors without thrust chambers). Curves for the N2 0 4 /
hydrazine-type fuels combinations are reproduced in Figure 23
of the present report.

Essentially, the curves as drawn simply connect
the averaged data points at each pressure by straight lines.
However, in the pressure range from 150 to 60 m= Hg, the three
data points for N204/UDMH, N204/MMN and N20 4 /MEF-5 (a mixed
hydrazine fuel) fall on single straight lines. This linearity
is found despite the fact that the greatest data scatter was
observed in this pressure range (see Ref. 1). N2 0 4 /50-50
shows a nearly linear relationship in the log-log plot in this
pressure range.
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Me fairly high degree of linearity in the 150
to 60 -m Hg pressure range suggests that a comon process is
rate controlling in this ronge. Since the delays at one at-
mosphere are longer in every case than those to be expected from
an extrapolation of the straight-line low pressure curves, a

-. different controlling process in indicated for the ignitions
"at high pressure.

The results of the nearly 150 tests made with
these hypergolic combinations using various impinging stream
injector configurations (injection velocities, impingement
angles, impingement lengths and type of manifolding) show that
mixing processes are not controlling at any pressure investi-
gated. Neither the controlling process at one atmosphere,
nor the one at lover pressures is propellant mixing.

Figure 24 Is a log-log plot of average ignition
delays at one atmosphere vs. relative volatilities of the five
hypergolic combinations. Relative volatility as used here is
simply the ratio of the vapor pressures of oxidizer to fuel. The
figure shows that the greater the discrepancy between fuel and
oxidizer volatilities the longer the ignition delay at one
atmosphere. Two observations are suggested by the simple
correlatioL )f Figure 24. Since the oxidizer is the same for
the five combinations, the abscissa of the figure is effectively
the reciprocal of the vapor pressure of the fuel. The ignition
delays of these hypergois, tben, are seen to depend on the vapor
pxz-•sure of the fuel. Thl figure indicates, therefore, that fuel
vaporization is controlling at one atmosphere. Then, since
fuel vaporization is controlling, the dominant ignition reactions,
even at one atmosphere, must be gas-phase rfa~ctioas.

At reduced ambient pressures, no correlation
exists between ignition delay and relative volatility. Con-
sequently, the controlling process at low pressures is not
propellant vaporization, a result compatible with the curves
of Fiqure 23. Since, as stated above, mixing processes are not
contrlling at low pressures, one concludes that gas-phase
cbhnical kinetics is. The sucaess of the mathematical model,
which assumes that gas-phave chemical kinetics is controlling,
supports the conclusion.

Further support comes from a comparison betveen
the number of gas-drop collisions and the number of gas-gas
collisions. Due to the di .. differences between the volat'lities
of $0 4 and the hydraziam¢ fels, we will consider the possibility
of reacttor.4 resulting from collisions of gaseous *O2 molecules
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with drops of - (gas-drop 0ou4 mas) for example. The
fr.eepM* *,bses oolis"onS will be ooWfared to the fro-
quesy of f 302-g•asous SM collisions (9as-as8
collisions . I

Maki•g r-se of computer run CCl4 #, fo. which
w O.016 Ibm/sc. &tN - 4 x 10-5 sgc, T - 54007,

V0 ~.O~x~f ,and r. W751wcxans (see Table III
f~or iait.iol radii of the three drop size spray mnodel), we
first calculatu tite total arpiet surface area per unit chamber
volume. 14 select a time o? 0.08-0 usac for which Pg -=.74 Ng,
T - 513OF - 26M amn the approximate average radii of all
tLe fepm Is the system in each class are

- 77 x 1-6 :!t (ranre of aciual rl's: 83x10- 4 to
7L10-6 ftl,

123 - io]" it (rang• of actual r2's: 250xi0-6 to
333x10-6 ft)

and 3 - 705 x lO-f ft (range of actual r3's: 720xl0 6- to
687xi0-6 ft)

By equations (3), (4) and ('6) &w noting that 20 ensembles
hbae undemane evaporation during tie 0.O0 msec period (time/

t.- t 20), we obtain tt.j total surface area of the drops
in eah clalm. Dividing the •7sultltg areas "y the ch'mber
volme Civs the surfaco areas per unit volume ior each of the
threi aggregate drup eltsies:

Total A1/Tc - 1.98 x 10-2 caicc for F1 - 77 a 10-6 ft

Total %,2/Vc 0.91 1 10-2 cw2/cc for F2 - 236 x 10-4 ft

and Total A3^ý4 - 0.26 z 1- 2 c=2ice for r 3 - 705 x 10-6 ft

Ss t•Ots• drop sarfac arat per cc is therefore 3.15 x 10-2 2/

The coacontratios of gas molecules at O.8f0 anec
""e ft - 1.7i4 im Ng and ?1j - 280oK (above) is

moloi.Iar cont-ontration - c -.X_ - W .
V ITg

5.90 x 1016 jas mclecules/cc (37)
wbre E, - wovga. number - 8.024 x 102"7 bolecules/mole
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By the ktiette tho2y 0of grse, the aunber of coUlsioens pir
unit timn **eV.2' Vs aalpulos and a surfaoo of unit are& is

Zgaxs.aurface -cu c /2(33)

wvare C is nolUluar conwutration and iis mean
""ledular velocity,

Mu.tiplyin -eq. (38) by the total drop sourface area per cc as
doterained abore, and taking iiito ac',ount the fact t'hat thie
vapor ••leculee are •Ca4, *e obtain, for T - 285oK:

Zhas -drop - 9.2 x 1018 raw-Crop collisions/cc-sec (39)

Equvý-an (39) 4s the miabe_ of CC14 gas-drop colliiono per
unit time per uni.t volume at 0.800 2sac of the coEputer
calcul4tion.

We a&se now that thhe vapor molecules ore
NO and the drops &re EMM. To auet for the differeace in
mohcular weights Of CC14 and N02 - eq. 38). eq. (39) is
sultiplied by (MCC1 4 /V0 2i) 1/2. Al •, Aiace tho 3uaber of
drops is e•ch class is Inversely proror.;in*1 to density
(see eq. 4),0 c-. (39) is multipled also tv ( CC l4/A SM).
The oe-VdsUt gvis tha frequency of coll.tsions between the N02
molecules and NIH drops and is

; .102 au-fl drops - 3.1 x 1019 gas-drop (40)
) cll£on~a/cc-sec-

forP - 1,74 ma Hg and Ig - 285°IK

From the kinetic -Aeory of gasei, the total
gA#•.w@sM bolivions between unlike molecules per u•it volume
and per unit time Is given by

~ /2

Zgas-gus - Cf , (r1 + re.) F kTi (L+ (41)n m ox.]
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ehwkr ef and cox aro molecular concentrations of fuel and
oxidizer

rf and rox are molecular radii

k - Eoltzmann constant - 1.38 x 10-16 erg/OK molecule

and mf and mox are molecular masses.

For rIM 4 x 10-8 .cm, rNO2 - 3 x 10-8 cm, and T - 2850 K, we
obtain

Zgas-gas 7.88 x 10-10 cf Cox gas-gas collisions/ (42)

cc-sec

As a "worst case", we assume the molecular concentrations of
gaseous HUH and NO 2 are in proportion to their vapor pressures
at the temperature of interest (285 0 K), CN0 2 /CMMH - 21. Since
the total molecular concentration is 5.90 x1016 (eq. 37), the
total gas-gas collisions between unlike molecules is

-gas-gas - 1.2 x 1023 gas-gas collision/cc-sec (43)

This is the second of two collision frequencies sought. The
results ar,3 summarized as follows:

Type of Gas Gas Gas Collision Pressure
Collision Press. Composition Temp. Frequency, Z Dependency

mm HgO-- molecules/cc-see of Z
(constant Ad)

Gas-Drop 1.74 All N02 285 3.1 x 1019 p

Gas-Gas 1.74 /3 - 21 285 1.2 x 1023 p 2

I

The frequency of the gas-gas collisions is about 4000 times
greater than the gas-drop collisions at the low pressure of
the calculations. At higher pressures the discrepancy would
be greater, as scen from equations (41) and (38) for a constant

drop surface area. Of course, not every collision between
oxidizer and fuel (whether gaseous or liquid) results in
reaction. However, if the activation energies and steric
factors are even roughly similar for the two cases, the gas
phase reactions would be dominant.o
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b. Ignition Delay Time

The analytical expressions yielding ignition
delays in an engine are based on the concept indicated in
Figure 1. In essence, an equation giving ignition delay
times is developed, the vapor concentrations required in the
equation being given in terms of the partial pressures of
the reactants in the thrust chamber. The partial pressures
of each propellant are obtained by the analysis for chamber
pressurization due to propellant vaporization (Section III B).

We consider a volume element of vapor-phase
reactants in a thrust chamber and assume heat losses from the
volume are small. The heat equation, for a bimolecular
reaction and no heat losses, becomes (eq. 36):

•dTiPg Epg d- QW - AQclC2 e -a/RT (44)

Introducing non-dimensional variables

T -At• jclC2 at "( a .Q IC1C2

T9 UpgTg

eequations (44) becomes

d4 - e- "/ 
(45)

In the case where ot > 17, ?odes has shown that the ignition
delay is very .closely approximated by:

•.ign - at (46)

Although in our case the values of OC are between 9 and 12 due "
to the low activation energies of the ignition reactions, we
will use equation (46) in the absence of a better criterion of
ignition. Reintroducing the usual variables in equation (46),
one obtains:
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Tign RTg 2  gp eEa/RTg-ign - -aA jpcpgc2 (47)
EaAQ CIC2

Expressing the concentrations c 1 and c 2 in terms of reactant
partial pressures pf and Pox, and expressing the density and
heat capacity of the ro-,•t~nt mixture in terms of the properties
of the individual specie-, we o'tain finally for the ignition
delay time:

-ign RT3 (1 +pf Ea/RT (

)( (Cpf + PCOX ) e (48)
PgEaAQ

where Pg " Pf + Pox

~Pox

pf

and Cpf and Cpox are molar heat capacities.

The reactant partial pressures, pf and Pox are obtained
individually by the analysis in Section III for chamber

pressurization due to propellant vaporization.

The theoretical ignition delay time in a given engine
operating under specified conditions is obtained by determining
the point of intersection of the two curves of Figure 1. From
the individual partial pressure curves for each reactant (by
Sect. III B), the total pressure curve for the chamber can
be constructed assuming no reaction, as well as a vapor phase
composition curve ( j9 values) and an average gas temperature
curve for the vapor mixture. Values of P T and /9 for
various vaporization timesiare substituted into equation (48)
until the calculated rign agrees with the time associated
with the particular values of Pg, T and fS used.

Obviously, equation (48) applies to a system in
which not only the pressure and temperature are constant during

the ignition delay period but also the composition of the
reactant mixture. Although the gas temperature variation is not
too great during chamber pressurization due to propellant
vaporization (Fig. 2), the gas pressure varies considerably as
it rises toward a steady-state vaporization chamber pressure.
Thus, the intersection of the two curves of Figure 1 where the
dotted curve is given by eq. (48) would be expected to give
ignition delays shorter than corresponding experimentally
determined ignition delays.
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In addition to the pressure variation, the vupor
composition can be expected to vary due to the different
vaporization rates of the two reactants. In general, the
vapor composition, for usual liquid mixture ratios, is quite
lean since the oxidizer is much more volatile. The sen-
sitivity of calculated ignition delays to vapor composition,
temperature and pressure is given in the following section.

2. Aesults of Hypergolic Ignition Model and Comparison
with Experiment

a. N2_0 4/UDM

Several pressure-ignition delay curves, cal-
culated by equation (48), are plotted in Figure 25 for N2 0S/
JDMH. Three /a values and two temperatures have been used

in calculating the curyps. The lower temperature (2860K)
is an estimated value for the gas temperature in a typical
engine during the ignition time based on the chamber
pressurization calculations. The three values of AS used
with this temperature indicate the effect of vapor composition
on ignition delay. The most favorable vapor composition for
ignition is the equimolecular mixture for which /3 - 1
(Curve 3). The stoichiometric vapor mixture ( t3 - 4) causes
somewhat longer delays, (Curve 2). In a rocket chamber at
space conditions, one might expect that the vapor-phase
composition (for simultaneous propellant entries) would be
roughly proportional to their vapor pressures at the tempera-
ture in question. On this basis, a /3 of about 6 for N204/
UDMB gives the vapor composition. The ignition delays for this
case (Curve 1) are seen to be about 40% longer than the delays
of the equimolecular mixture at the asme pre.ssure.

The effect of temperature is indicated by a
comparison of Curves 2 and 4 which are both for the stoichio-
metric vapor mixture. The ignition delays for the lower
temperature case are roughly 50% longer than the delays for
the warmer mixture at the same pressure. The temperature
difference is 120C.

The pressure-ignition delay curve based on
estinated .preignition vapor phase composition and temperature
in an engineo (Curve 1 of Fig. 25) is given in Figure 26 together
with experimental ý4nition delays reported in Ref. 1. The N"

experimental ignition delay times start when the lagging
propellant first emerges as a liquid from the injector face.
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Figure 26. Comparison of Experimental and Theoretical Ignition
Delays for Estimated Preignition Vapor Phase
Composition and Temperature

-102-



AFRPL-TR-65-257

These delays are plotted against the pressure in the chamber
when ignition occurred. The delays were measured with engines
of various thrust chamber configurations (design Pc, L*, C.R.)
operating at 1 mm Hg ambient pressure.

The theoretical curve, calculated for a fixed
gas temperature and vapor phase composition, does predict
delays shorter than experimental ones as anticipated. One
could use some average value of the pressure in the chamber
during the ignition delay time in ordi to get better agreement
betwee~p experimental and theoretical results. However, this
would be of little value until the actual vapor phase composi-
tion and temperature can be predicted by the chawber pressuriza-
tion analysis in Section III B. As stated previously, an
accounting of the transient build-up to full flowrate for the
very volatile propellants (N204) must be included in the analysis
in order to properly predict chamber pressurization, vapor
composition and temperature. Since the less volatile hydrazine
fuels undergo no, or only slight, "flashing" inside the injector
volume, the analysis predicts their chamber pressurization rates
adequately.

b. _ 204/MM

Theoretical pressure-ignition delay curves for
N204/MMH are given in Figure 27. The same two temperatures
are used here as in the N2 0 4 /UDMH case. Again the equinolecular
mixture ( /3 - 1) gives the shortest delays at a given tempera-
ture (Curve 3). The stoichiometric mixture ( S - 2.5) gives
only slightly longer delays (Curve 2). Using the same criterion
as before for estimating the preignition vapor phase composition,
a high 13 results due to the lower vapor pressure of MMH. The
calculated curve for this case indicates exceptionally long
delays. The temperature effect on ignition delays for this
combination is seen by comparing Curves 2 and 4.

A comparison of Figure 27 for N2 04/MMH with
Figure 25 for N2 0 4 /UDMH sbows the latter combination has sig-
nificantly shorter delays.

3., Pressure Spiking Consideration

Two possible causes of pressure spiking are (1)
explosion of the "pre-ignition reaction product" (adduct) at
ignition and (2) very fast reaction of accumulated propellants.
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Figure 27. TLeoretical Ignition Delay-Pressure Curves for
N2 04 / MN
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a. Pre-ignition Reaction Product

During the course of the experimental determination
of the overall kinetic rate factors for ignition, it was found
that all four hydrazine-type fuel/N204 combinations formed a
reaction product under conditions at which ignition did not
occur. The "adduct" condensed on the walls of the reactor tubes
and generally collected in the annulus at the base of the tubes.
The adduct, which formed at pressures below the minimum
ignition pressures (Tables V through VIII), is a clear yellow,
viscous liquid when it accumulates at the base of the reactor.

With N2 H4 as fuel, a negligible quantity of the
adduct collected in the reactor annulus. Some material did
condense on the reactor walls but the droplets "boiled" vigorously.
Particularly with N2 H4, readily observable smoke was entrained
in the flowing gas stream at the sub-ignition pressures.

The liquid. adducts that collected with MMH,
UDMH, and 50-50 as fuels are stable at room temperatures and
pressures and have very low vapor pressures.

Chemical analyses, which were performed mainly
on the MUH adduct, show the adduct has the characteristics of
a monopropellaat and contains considerable energy. Since the
adduct forms at pressures which exist during ignition delay
periods in attitude control engines, it is reasonable to suspect
that the adduct is the cause of the pressure spikes that occur
during engine start transients.

A qualitative correlation between the quantity
of adduct formed and tendency toward spiking appears to exist.
it was found in the case of NO2 /MMH that the adduct which
collected at the base of the reactor annulus was about 20% of
the total mass of reactants flowed during the measured time
period (9 minutes). Qualitatively, N0 2 /50-50 formed a similar
amount of adduct but N0 2 /UDMH formed only about one-tenth as
much. Engine tests indicate that spiking tends to be less
severe with 113M as fuel than with either MKH or 50-50 as
fuel. The tendency of N2 0 4 /N 2 H4 toward spiking was not inves-
tigated in this program.

It is interesting to note that the 50-50 blend
of N2 H4 and UDUE forms an appreciable amount of liquid adduct
while neither fuel individually with NO 2 forms more than about
10% as much.
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It should be mentioned that the experimental
apparatus in which the adducts were formed did not allow rates
of formation of the adducts to be determined. The adducts
formed Well within 100 usec but whether they can form during
typical ignition delay times (up to 10 msec or so) cannot be
stated at present.

b. Past Reaction of Accumulated Propellants

A second possible cause of pressure spiking is,
of course, very fast reaction of accumulated, unreacted propel-
lants. Once the analysis of chamber pressurization due to
propellant vapoiization is completed (Section III B.2.h), the
mathematical model of hypergolic tgnition can give the quantities
of ftel and oxidizer in the chamber at ignition, the mass of
each in the vapor phase, etc. In essence, the hypergolic
ignition model gives not only the ignition delay time but also
the conditions in the chamber at ignition from which pressure
spikes result. These are then the initial conditions for a
pressure spiking model (autoignition/detonation transition
concept) which would permit evaluation of chamber geometry and
ignition hydraulics from a pressure spiking viewpoint.
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IV

TASK II - EVALUATION OF ADDITIVES TO REDUCE ACTIVATION ENERGY

(U) The experimental apparatus used in the chemical
kinetics study, Figure 12, is well suited to the screening
of additives. Since the fuels are metered in the liquid state
and are subsequently vaporized drop-by-drop before entering
the reaction chamber, it is assumed that the fuel-additive
vapor stream has the same composition as the liquid fuel-additive
mixture. Preferential vaporization is eliminated. Also,
pressure ignition limits are a sensitive, reliable measure
of ignition delays. The pressure limits are quite easily
measured, and are obtained much less expensively and more
accurately than engine ignition delays. Screening tests of
many additives can be accomplished in a relatively short
time. Promising additives should then be checked in actual
engine tests to ascertain the improvement actually realized.

(U) Five fuel additives and one oxidizer additive were
tested in the low pressure, premixed-vapors apparatus to
evaluate their effect on hypergolic ignition of N0 2 /MMH at
low pressures. Generally, tests were made for both the
stoichiometric and equimolecular mixtures.

A. Fuel Additives

(U) The five organic fuel additives are miscible with
MMH and so mixtures of the liquids were prepared and tested
in the same manner as the neat fuels themselves, i.e., liquid
phase flow metering followed by drop-wise vaporization in a
heated glass spiral.

(U) The results of the tes"-are given in Table XIV.
The minimum ignition pressures for the two "neat" mixtures
were measured prior to the additive testing.

(U) The data of the table shows that of the five fuel
additives, only furfuryl alcohol had a significant beneficial
effect. The minimum ignition pressure of the neat stoichio-
metric mixture was reduced by about 25% and that of the neat
equimolecular mixture by about 17%. The other four additives
had no significant effect, one way or the other.
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TABLE XIV

EFFECT OF FUEL ADDITIVES ON IGNITION OF Nn2 /MMH MIXTURES

Minimum Ignition PressureH mm H&

Additive Stoichiometric Equimolecular
0-1.0 0-2.5

None 6.0 4.4,4.3

Furfuryl Alcohol 4.4,4.6,4.5 4.0,3.5,3.3

Phenylether 5.8,5.3,5.8 4.5,4.5

Methylbutynol 6.0,6.0 4.0,4.2

Ethylether 6.0,6.5,6.0 4.2

Benzene 6.0,5.8,6.1 4.6,4.3,4.0

4.7 cm burner diameter, - 10.8
D

Total propellant flow rate - 33.6 cc/sec at STP

All additives are in amount of 10% by weight of fuel

B. Oxidizer Additives

(C) The very short ignition delays experienced with
Compound A and the hydrazine-type fuels in the unconfinied
impinging stream tests of the preceeding program (Ref. i)
suggested that delays of N2 04 /UMH might be shortened if a
fluorine-containing additive were used. Compound R, i.e.,
CF(NF2 )3, looks very attractive on ppper as it contains seven
atoms of fluovine per molecule, has roughly the same volatility
as N204, and is miscible with N2 0 4 giving a mixture that is
safe to handle at concentrations of the additive to over 20%.

(U) Because N2 0 4 is flowmetered in the vapor etate in
the experimental system, it was necessary to meter the
additive flow e,parately to ensure a known concentration.
The two vapor streams were mixed at the base of thc burner,
well before the mi::ing point with the fuel vapor.
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(C) The tests with Compuun;J R produced resuaL• unlike
any others in the system. The minimum ignition pressure was
not only increased, but the good reproducibility of the tests
observed consistently to this point no longer was obtained.

(C) After a control run with the neat N 04 /MI!. combina-
tion, two tests with Compound R, at concentra ions of 3 wgt. %
N2 0J and 2 wgt. % N20A, were made using the stoichiometric
mixture. Minimum ign1tion pressures for the doped system were
higher than for the neat system. A repeat test of the neat
combination, after purging the additive line, gave minimum
ignition pressure of 35% higher than the corresponding pressure
measured just pr 4 or to the COmpound R additive tests. The
pressure was even higher than those obtained with the additive.
Two subsequent check iuns with the neat combination, this time
the equimolecular nlxture, gave again minimum ignition pressures
well above the value obtained prior to the additive tests.

(C) Only after thoroughly washing the burner tubes did
results agree with the previously measured values for thv
neat system. Reproducibility became good once more. Compound
R apparently contaminated the system. It was noted that the
liquid which slowly collected at the base of the burner tubes
during the Compound R tests was darker in color than the usual
clear, yellow liquid from the neat N2 0 4 /MMH mixtures.

(U) The Compound R flow system was well suited to testing
gaseous additives to the oxidizer. Thus a few tests with air
and with oxygen were aade. Minimum ignition pressures with
both of these additives were higber *'. fo• '-" •r9 systen.
we increase in the minimum ignition pressure was found to

depend on the amount of gaseous additive added. These two
additives apppren÷ly act simply as diluente.
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V

TASK I II - THLUST CHAMBER DESIGN PARAMETER STUDY

A. Test Appazatus and Instrumentation

1. Experimental Facilities

(U) The thrust chamber depign parameter studies
were performed in a large va'uum tank so that the effect on
ambient pressure due to propellant vaporization and combustion
would be negligible. The vacuum tank is 7 ft. in diameter
and 25 ft. long providing a vvile of approximately 1000 cu. ft.
!t in fabricated of stainless steel for use with cirrosive
propellants and products. Th1e tank h::: foar 0 in. diameter
porte along each side for instrumentation and observation
purposes. For th.h schlieren pictures, 3/4 in. thick plate
glass windows which had suitable optical qualities -ere used.

(U) The vacuum pump system consists of a Roots 1 225
pump and a Rnote 1000 blower. An adsorption column or trap for
removing any residual F2 and HF from the exhaust products is
Installed between the vacuum chamber and pumps. The colum:
contains successive sections of activated sodium bifluoride,
soda line, and drierite. The vacuum pumps and adsorption
column are shown in Figure 28.

(U) Tho durations of the thrust chamber tests were
approximately 80 Afec which #as itdeqtiate *to achieve steady-st.xe
chamber pressure to allow determination of the 90% PC time.
At flow rates corresponding to a design thrust level of 50 lb.,
the preosu'4 riw. ir the tank after a test at a 10 = Hg pressure
levei was less than i0..4 -, WSr tw',"en^ ,f the auh.rt run duration
and large tank volume. In most cases the short duration of
the tests also prevented damage to the transparent chambers,
permitting them to be used for a series of tests without the
necessity of *ntering the tavk and replacing the cylinder.

MU) The oxidizer and fuel propelltnt systems for the
liquid Comjound A/hydrazine-type propellants and gaseous F2 /H2
propellant* are shown in Figures 29 and 3'), respectively. Each
liquid system consisted of e 300 cc stainless steel tank,
safety valve, propellant solenoid valve, and associated hand
valves and tubing. Zach set was mounted on a separate plate
wbich concifelned provisions for all necessary external connec-
tions such ta pressurization, vents and loading so that a
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propellant temperature conditioning bath could be installed,
if desired. The tank sizes were increased to 1000 cc for
the fluorine and 2250 cc for the hydrogen to minimize pressure
decrease during the tests with gaseous propellants.

Special solenoid valves were prccured to assure fast
response rates and compatibility with both of the oxidizers used.
The Compound A tests were made with 1/4 in. venturi valves
manufactured by the Fox Valve Development Co., Inc., Hanover,
N. J. These valves were fabricated from stainless steel and
employed a pintle providing metal-to-metal propellant shutoff
in the throat of the oxidizer venturi and Teflon-to-metal
shutoff in the fuel valve. As a result, the propellant volume
in the valve downstream of the seat was quite small and the
valve was mounted directly to the back face of the Snjector
which minimized the time required for the propellant to fill
the system. The normal valve opening time was 3-4 msec at
24 volts D.C. Initially, attempts were made to use Teflon
poppets in the oxidizer valve also to ensure zero leakage.
However, it was found that Teflon could not withstand the high
flowrate conditions, necessitating the use of aluminum alloy
(6061-T6) poppets.

The gaseous propellant valves were similar in design
but were sized for 1/2 in. lines so that flowrates equivalent
to 50 lb. thrust could be obtained with gaseous propellants
without excessive pressure drop. Orifices also were used in.
place of the venturi sections. Again, aluminum alloy was used
for the oxidizer poppet to ensure suitable compatibility.
Teflon was used for the fuel poppet. Both the 1/4 in. and the
1/2 in. sets of propellant valves were powered by a separate
90 VDC power supply to decrease valve response time to about
3 msec with the 1/2 in. valves and somewhat less with the 1/4 in.
valves.

Standard 1/4 in. Jamesbury ball valves having Teflon
seats were used as safety and vent valves for all propellant
systems. The Teflon seats eroded in the F2 vent valve about
half way through the F2 tests and the Compound A safety valve
seats were partially eroded at the end of the test program
although tne latter was not severe enough to leak and may
have occurred during passivation with F2 . The F2 valve seats
were replaced and the valve functioned satisfactcrily for the
balance of the F 2 /H 2 tests.
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2. Experimental Hardware

The 50-lb. thrust, attitude control chambers consisted
of an injector-valve assembly, a chamber flange, a transparent
chamber section for photographic obiervation, and a stainless
steel nozzle. A typ±cal thrust chamber assembly, including the
Fox valves used for the Compound A tests and two Kistler pressure
transducers installed in the nozzle, is shown in Figure 31.
An exploded view of the same thrust chamber is shown in Figure
32. The Kistler wnter cooled adapters shown in the pictures
were used only during the initial portion of the original
10-month program. In the present program, the Model 601 and
603 transducers were flush-mounted in the chamber. A thin
layer of grease over the sensing surface delayed until after
shutdown the onset of Spurious signals due to thermal effects
from the con.busion gases.

The nozzle throat diameter and chamber length and
diameter were varied to provide a range of design parameters
including characteristic lengths of 5. 109 30 and 50 in. with
nominal contraction ratios of 1.5, 3.5 and 8 at design chamber
pressures of 20, 75 and 200 psia. The transparent chamber
sections were fabricated from commercially available sizes ef
acrylic tubing which were simply cut to the desired length.
Since standard tube diameters were used', actual contraction
ratios ranged from 1-4 to 9.

A separate qtainless steel nozzle section was
fabrica*ed for each of the three contraction ratios at design
chamber -ressures of 20 and 75 psia and for contraction ratios
of 3.5 and 8 2t the 200 psia design chamber pressure. Tests
were not made at i contraction ratio of at 200 psia chamber
pressure because resulting chamber diameter was too small to
be used with the desired injector configurations. Tests also
were not made with the 1.5 contraction ratio nozzles at an L*
of 50 in. at any of the design chamber pressures because the L/D
of the chamber became impractically long. Also, the 8 contract-
ion ratio at an L* of 5 in. was not physically possible to test
because the volume in the nozzle section was more than equi-
valent to a 5 in. T,*.

Each nozzle section included a 3/4 in. length-with
the same internal diameter as the inside of the respective
chamber section to permit mounting of the Kistler pressure trans-
ducers. The volume of this section as well as that of the con-
vergent portion of the nozzle was included in the TA calculations
for sizing the transparent sections. Typical nozzles are shown
in Figures 33 and -54. The nozzles shown in Figure 33 are designed
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5801-14

Figure 31. Transparent Thrust Cham-ber-Assembly

5801-12

Figure. 32. Exploded View of Transparent Thrust Chamber
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5801-13

Figure 33. Set of Nozzles for Same Design Chamber Pres-
sure (75 psi) and Different Contraction Ratios (1.5-8)

5801-16

Figure 34. Set of Nozzles for Same Contraction Ratio
(3.5/1) and Different Design Chamber Pressures (20-200 psi)
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for the same nominal chamber pressure (75 psi*) but for
different contraction ratios. The nozzles in Figure 34 are
designed for the Wam contraction ratio (3.5), but for
different nosinal chamber pressures.

The entire chamber assembly was assembled with

1/4 in. threaded rods, Duna-N O-rings were used to seal the
flange* and the transparent chamber sections with satisfactory
results. This type of construct ton and assembly was used to
facilitAt6 rapid clianges of chambers and nozzles because of
the large nilber of configurations to be tested. In some
tests the chamber flange at the injector end vas replaced with
a thicker flange to allow room for installation of a Kistler
pressure transducer at the injector end of the chamber as weli
as tbhp nossle end. In these tests the transparent chamber
length was reduced to maintain the design Y4*.

The twenty-seven thrust chamber configurations tested
in the Task III program are shown in Table XV..

The two injectors used in the liquid propellant tes's
are shown in Figure 35. The majority of the tests were madr
with the single element doublet injector having 0.052 in.
diameter orifices. The impingement angle was g0o, the impinge-
ment length was 0.12 in., oxidL'-er velocity was 75 ft/sec and
fuel velocity 80 to 100 ft/sec. The single element triplet
injector maintained the 600 angle between the center oxidizer
orifice and each outside orifice =nd the impingement length
was also 0.12 in. with the same propellant velocities. Iu
both designs, the Fox valves were mounted directly or. the back
of the injector with the outlet section of the venturi inside
the injector body so the throat was approximately in-line with
the baeck face of the injector. This minimized tVe -ro&mae be-
tweeb the valve 'oppet at the venturi throat and the .n•ectororifices.

The ln$6ctor for the gaseous propellant tests. shoin
in 'igate 39, conekited of a single axial orif±cc '!or the
fluorine surrodnded by a concentric annulus for the hydrogen.
The o~dfic ws 0.20 in. in diAet*, and the annulus, angled
at30• to tUb Asi so that the hwdrogon shee imr.L•ed or tVe
flaorite btroea* wat 0.020 in. wide'. The larger propellant
valves MoUbted difctly on the rear ftac of the injector to
ainiaisiL. volume downstream of the valve.
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Oxidizer Fuel
Venturi Venturi

I Valve. Valve

Both Orifices = 0.052 in. diameter

(a) Doublet Injector with Valves Assembled

Fuel Inlet "Oxidizer Inlet

Oxidizer Orifice = 0.052 In. diameter

Fuel Orifice = 0.033 in. diameter

(Two sections taken 900 apart)

(b) Triplet Injector

Figure 35. Injectors for Compound A/N2!4 - Type Propellants
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SI I

Hid FluorineP"M0oetllnt II Propellant
Valve Volvo

-

Mluoritne Orifice a 0.209 in. diameter
RI&CIPS Annulus : 0.020 In. vide

I"pre 36. Concentric Injector and Valves for F2/N2 Tests
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3. Instrumentation

In addition to conventional instrumentation required
for propellant pressurization and system monitoring, special
instrumentation was employed to determine ignition delays and
monitor pressure transients during the ignition process. This
instrumentation included high speed schlieren movies of the
propellant impingement zone, photomultiplier tube to detect
ignition, high speed direct photography, and high response
pressure transducer and recording equipment.

a. Schlieren System

The purpose of the schlieren system was to investigate
propellant stream characteristics and determine the time at
which the propellants impinged. Not only can the initial time
of contact be ascertained by this method, but-information on
vaporization and mixing of the propellants could be obtained.
Since it was anticipated that initial injection of the propel-
lants would be in the vapor phase at the ambient pressures
below 10 mm Hg, direct photography alone was not adequate for
this purpose.

Although the schlieren instrumentation could not
be used to detect propellant entry during the actual thrust
chamber tests because of the poor optical properties of the
plastic chambers, it was used to study the injection charac-
teristics of each injector with each of the propellants that
were investigated. Schlieren films were made of each injector
without the chamber installed in order to determine the time
from valve signal to propellant entry as both vapor and liquid
to aid in analysis of the thrust chamber ignition tests.
Schlieren films were also made in which both propellants were
injected simultaneously in order to determine ignition delay
in these unconfined tests for comparison with the thrust
chamber tests.

A two-mirror, parallel-path schlieren system was
used with a Fastax high-speed camera to obtain suitable time
resolutions. The essential components of the system included
a Unertl Model BH6 Normal and Color Schlieren Source, a pair
of eight-inch front-surface parabolic mirrors of 64 in. focal
length, knife-edge, and the Fastax camera capable of up to
approximately 16,000 pictures per second using split-frame
optics. Time resolution at ignition was approximately 7 frames
(14 pictures) per =sec.
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* Photomiltipler Tube

Schlieren
Source

'Mount oxidizer
Front Surface Tank

Parabolic Mirror

Reference
- ~ IZ.~~Flash

Knife JFront Surface
Edge Parabolic Mirror

Camera Fuel Tank

Vacuum Tank
7 ft. diameter
x 25 ft. long

Figure 37. Schematic of Thrust Chamber Test eu
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The schlieren light source and one parabolic
mirror are shown in" Figure 38. The second mirror and Fastax
camera with its controls are shown in Figure 39.

b. Direct Photography

A Kodak camera having a speed of approximately
3000 frames per second and a second full-frame Fastax camera
were used for direct photography in selected tests with the
complete thrus, chamber assembly. They were used to determine
the location of ignition in the chamber and the nature of the
propagation of the flame. The cameras viewed the chamber through
the same tank windows as the schlieren and were located about
six feet from the combustion area. Tank light5 were not on so
ignition location could be detected from the combustion light
and therefore propellants could not be seen before ignition in
these tests.

c. Ignition Detection

To determine the time at which ignition occurred,
a flame detector consisting of an RCA lP 28 photomultiplier tube
was used. The tube is sensitive to wavelengths from about 2200A
to 6000A. No filter was required since the tank was not illumi-
nated for the thrust chamber tests. The flame detector was
lOcated in the vacuum chamber approximately 6 feet from the
injector with an unobstructed view from the injector to the
bottom of the tank, f distance of about 3 1/2 feet. It could
sense ignition through the plastic chamber, in the thrust
chamber tests or elsewhere in the tank in the unconfined tests
regardless of origin.

d. Pressure Instrumentation

Chamber pressure was measured with Model 601 and
603 Kistler pressure transducers and Model 566 Kistier charge
amplifiers. The outputs were read out on an oscilloscope and
photographed for analysis. Two transducers were mounted in the
same plane at the nozzle end of the thrust chamber, as shown
in Figure 31, for all tests. A model 601 transducer having a
frequency of 150,000 cps and rise time Žf 3 microseconds was
calibrated for 345 sm Rg pressure at 3 cm deflection to define
the preignition chamber pressure rise due to propellant entry
and vaporisation. A Model 603 transducer with only 1/5 the
sensitivity, but with a natural frequency of 200,000 cps and
rise time of I microsecond, was calibrated for several chamber
pressure ranges, depending up( the design chamber pressure, to
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5801-0

FIgure 38. Schli.eren Light Source and Oscilloscope
Setup

ap

5801-4

Figure 39. ScMlieron Casera Setup
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record steady-state pressure as well as any possible pressure
spikes which might be experienced. A second Model 603 trans-
ducer was used at the injector end of the chamber in some
tests to compare the chamber pressure at both ends of the
chamber. The transducers were uncooled because of the short
duration tests, but the diaphragms were protected from over-
heating with a layer of silicone, grease to prevent drift after
ignition. Although the grease would melt after several tests,
particularly at the highest chamber pressure, and have to be
replaced, it did not appear to react with the propella-its nor
did it affect the response of the transducers as indicated by
comparative tests.

e. Recording Equipment

In addition to thi schlieren and direct photo-
graphy films, the priaary means of data acquisition was a
Tektronix Type 551 Dual-Beam Oscilloscope with suitable ampli-
fiers to permit simultaneous display of four parameters. The
output from the photomultiplier tube and the two Kistler trans-
ducers at the nozzle end of the chamber were monitored on the
oscilloscope and recorded by a Polaroid camera. The fourth
channel was used for the third Kistler transducer or for the
current from the propellant valve circuit, depending upon the
nature of the test.

The oscilloscope and camera are visible inFigure 38. Also shown is the single-flash strobe light attached

to the parabolic mirror pedestal. The flash, having a duration
of about 2 msec, was detected by the cameras and by the photo-
multiplier tube and was used as a reference signal to correlate
the various instrumentation.

B. Experimental Thrust Chamber Program

The objective of the Task III thrust chamber tests was to

evaluate the influence of thrust chamber design parameters on
the ignition delay of two advanced propellant combinations,
gaseous fluorine/hydrogen and Compound A/hydrazine-based fuels.
The specific design parameters of interest were characteristic
length, chamber pressure, contraction ratio, and oxidizer lead.
The programmed range of tbese parameters is shown below:

Characteristic Length 5-50 in.

Chamber Pressure 20-200 psia

Contraction Ratio 1.5 - 8
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Oxidizer Lead +.002 to -. 002 sec

Thrust 50 lb

Ambient Pressure 0.2 psia or less

(U) The principal propellant combinations investigated
during the program- were gaseous fluorine/hydrogen and Compound A/
; a. For comparison, tests were also made with Compound A/

and Compound A/MHF-5.

(U) Since unconfined impingement tests, which have been
reported in AFRPL-TR-65-105, indicated that injection para-
meters had no significant influence on ignition characteristics,
simplified injectors were used so that injection characteristics
(vaporizing, mixing) of the various propellants could be readily
determined photographically. No attempt was made to optimize
the injectors from a performance standpoint. The majority of
the tests were made with a single concentric injector for the
FZ/M tests and a single-element doublet for the Compound A
tests.

(U) All tests were made with ambient pressure in the large
vacuum tank between 7 and 10 mm Hg (0.13 to 0.19 psia). The
twenty-seven thrust chamber configurations shown in Table XV
were tested with the two principal propellant combinations
(F/ Compound A/N 2H4) to investigate the effects of
charaateristic length, chamber pressure, and contraction ratio
with simultaneous propellant injection. Duplicate tests were
made with most of the configurations to determine reproducibili-.y
of the results. Selected combinations of thrust chamber con-
figurations were then used to evaluate the ignition charac-
teristics of the other propellant cdmbinations, the effect of
exidizer lead or lag and the effect of mixture ratio with the
Compound A combinations.

(M) Results of the experimental program are discussed in
the following sections.

C. Ekperisental Results - Compound A/Hydrazine-Based Fuel
Tests

(C) A complete series of ignition tests was. made with
Compound A/hydrazine for the range of thrust chauber configura-
tions which are tabulated In Table XV. The design chamber
pressures selected for these configurations were 20, 75, and
200 psia for a nominal thrust lcvel of 50 lbs. Comparative
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tests wo~rt madt with~ Cbnpuund A/U=U and Compouand A/EI'-Z at
all three cbsember prwesxtes In chambers with a 30 in. L* and
3.3 contractio rat1l,.9

1. Schie~ren Characterization of Praselants

(C) In order~ 41io dot~rmnin the ignition delays for
the vartous propellant comiftsutions and chamber' configurations,
the j.xr eflant ¶vntry times vere measured with the uchlierem
systous. Since the sctaliereu tL-hniques ire ineffective with
the plastic c'hamb~re inStAi1e0. each propellant and injector
was eval'nated %ri-ouat that chamber attached and the results are
abowia iiTa fble XV1. £azh rropellant was injected IndividuallyI
to determine the time at irbich vapor and liquid injection first
sppeare4 without being masked by the second propellant or
both propellsnt-- injecited simultaneously to determine ignition
delay and ignitionx location in the unconfined state. The
colinz It~baled 1"risistance" In Table XVI is the value of the
serf,4s resistor used in the valve circuit to delay the seczond
rropellant v*lve. In all schlieren tests, a dumm~y propellant
v~lve vas usird in place of the first propellant valve to
dapjlicwte the electrical conditions in the actual chamber
tepts~.

Mt 'The physieftl properties of the propellants
&Tvai7 ff'et t~he 4Atna in which the various propellants are

if.-z-t itljee.e6, prticuln"el at the low ambient pressure
lovoiei.d. lignitio-Ane diff fren-'es between the propellants were
detec~t' -1a tur selliitre films. For example, hydrazine does
not vvptori1ý saifficiently for the schlieren syztem to detect
any gene-za iarope11nt be-&ore entry of the liquid stream.
Aydrarint first entere as n. thin coherent stream even at low
tabient prasjure witls no indication of viaporization or break-
up within thoe 2 inch length visible in the schiteren field
of view as shown in 9'lgare 40. Entry time of the liquid was

* I very easy to detect o bnt the entry time varied over a rangeK
of several wi1uiseconds at low ambient pressure. Three tests
wvith nominal Zlv of 0.0t3 lb/sec at 20 no Hg preasure produced
entry times of' 10.7, V.0 and 10.4 ~aec. These tests were longer
than antiripated smo aI~ditional tests were mace at higher tzbient
pretasrcs to deterula2 if prfessure itfluenced the timing. The
flowrate rem.~And codstant with the changini; back pressure sinr"'ý
it was controlled by the pressure upstream~ of the ves*- 'ri which

* remZAined constant. Entry times at the higher ambient preosures
1i Table IT! were shorter and more reproducible probably due to
1l-as vaporizationm of the hydrazine.
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TABLE XVI

SCHLIER2EN DATA'- UNCONFINED TESTS OF COMPOUND A, N2 H4 , UDMr,.
AND MNl-5 US hG DOUBLET INJECTOR

Valve Signal to
Ambient Vapor &

Propellant Pressure Resistance * Vapor Liquid Liquid
sn iH ohms lb/sec asec msec msec

Compound A 0 .120 2.7 6.4 10.2
20 0 .120 3.2 7.3 10.9
20 0 .120 2.9 7.3 10.8
20 10 .120 4.8 8.2 10.1
20 20 .120 4.9 8.2 11.8
20 30 .120 4.4 8.7 12.0
20 0 .128 --- '. 8 10.7
20 0 .108 --- 6.7 10.2

K2 H4 750 0 .060 6.4
750 0 .060 6.4
750 0 .060 7.3
750 0 .060 6.4
150 0 W060 8.8
100 0 .000 8.2

50 0 .060 10.0
20 "0 .060 9.0
20 0 .060 10.4
20 0 .060 10.7
20 5 .060 11.2
20 10 .060 11.0
20 20 .060 11.7
20 30 .060 13.5
20 40 .060 15.9
20 0 .072 10.1
20 0 .052 11.2

UDEH 17 0 .060 3.1 --
17 0 .060 3.4 7.1
17 0 .060 2.9 7.1

3IF-5 11 0 .060 7.1 8.0
11 0 .060 9.1 10.6
11 0 .060 7.8- 9.8

1130 .060 11.7 13.9
... 1140 .060 14.2 16.3

110 .072 8.0 9.2 i11 0 .052 9.3 12.3
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5801-22

Figure 40. Schlieren of Hydrazine Injection,
Ambient Pressure -20 mmHg

5801-21

Figure 41. Schlieren of Compound A Injection,
Ambient Pressure - 20 mm Hg
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Varying hydrazine flowrate to obtain other mixture
ratios did not change entry time by more than 1/2 msec at the
20 mm Hg pressure. Entry time was shorter for low O/F and
longer for high O/F as would be expected for the varying flow-
rate. Fuel entry could be delayed up to 5 msec by varying
the resistor in the propellant valve circuit.

In the other extreme, Compound A vaporized very
drastically at low pressure and the precise time of Compound A
entry was more difficult to define. At 20 mm Hg ambient-
pressure, vapor could barely be detected about 3 msec after
valve "on" signal which corresponds to expected time of valve
opening. A mixture of vapor and liquid appeared at about 7 msec
and a definite charge to a wore dense liquid phase could be
seen between 10 and 11 msec. In contrast with the cohesive
hydrazine stream, however, the steady-state oxidizer flow
appears to vaporize immediately upon injection at low pressure
and the stream expands very rapidly as shown in Figure 41.
The rapid spread of the oxidizer flow obscures the entrance of
the fuel in the ignition tests.

The schlieren tests with UDMH, which has a higher
vapor pressure than hydrazine. appear to be similar to the
Compound A tssts. Vapors first are visible at about 3 msec

after valve "on" signal and they appear to become a mixture
of liquid and vapor at 7 msec. However, there was no clear-
cut transition to all-liquid as with the Compound A.

The initial state of MHF-5 appears to be a mixture
of vapor and liquid based on the density of the schliere and
the time at which it appears (about 7 msec) which corresponds
quite closely with the appearance of the UDWI mixture at the
same flowrate. The MIF-5 also vaporized rapidly after injection
when steady state flow was established. The steady-state
appearance of both UDUH and MHF-5 is quite similar to that of
Compound A shown in Figure 41.

The schlieren tests with both propellants are reported
in subsequent sections describing the results of the chamber
configuration tests for the various fuels with Compound A. In
general, ignition times of the unconfined tests were comparable
to those for the chamber tests.
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2. Thrust Chamber Tests - Compound A/N2H4

Table XVII summarizes the results of the thrust
chamber tests with Compound A/N2 H4 for the various thrust
chamber configuration parameters with the doublet injector.
These tests were made at a mixture ratio of 2.0.

The significance of the various data columns in
Table XVII and the subsequent tables is as follows. The
ambient pressure, Pa, is the pressure in the vacuum tank.
It was measured before the test, but it did not increase more
than 0.5 mm Hg during a test. Chamber pressure, Pc, is the
steady-state value and 90% Pc is the time from valve "on"
signal to 90% of the steady-state chamber pressure. These
values were determined from the high-range pressure transducer
which was also used to determine the shape of the pressure
transient after ignition and the magnitude of any pressure
peaks which might occur. The time from electrical signal to
the propellant valves to both the first indication of a signal
on the photomultiplier tube and the vertical deflection of the
photomultiplier signal are designated by "PMFirst" and PMVert",
respectively. The Pi n or pressures at ignition corresponding
to the preceeding photomultiplier signals are also included
in the table. These pressures were measured by the pressure
transducer having the expanded low pressure range for detection
of initial pressure rise due to propellant vaporization. The
final column in the table is the time at which the low-range
pressure transducer rose nearly verticaly, indicating a rapid
chamber pressure rise due to ignition. The correlation between
this indication of ignition and that of the photomultiplier
tube is discussed further later in this section.

Tables XVIII and XIX summarize the additional mixture
ratio and propellant lead tests made with Compound A/N 2 H4 using
the doublet injector. In Table XVIII, the results are shown
for tests at mixture ratios of 1.5, 2.0, and 2.5. These tests
were made with chambers having a contraction ratio of 3.5 and
L* extremes of 5 and 50 in., at all three chamber pressures.
Also included are four unconfined tests which were monitored
with both the oscilloscope and the schlieren. In all the
mixture ratio tests except test 963, the individual propellant
flow rates were adjusted to maintain a constant total flow rate
of 0.18 lb/sec. In test 963, the oxidizer flow rate was reduced
to extend the low mixture ratio range to 1.0. In this test the
total flowrate was reduced from 0.18 lb/sec to 0.144 lb/sec.
The tests at a mixture ratio of 2.0 are repeated from Table XVII
to provide a direct comparison with the other tests.
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Table XIX contains the oxidizer lead/lag tests.
These tests were made by delaying the lagging propellant valve
by adjusting the appropriate recistor in the valve circuit.
The lead time was computed from the previously discussed
schlieren tests (Table XVI) of the individual propellants.
Most of these tests were performed at -the lowest design
chamber pressure to more readily detect differences in
ignition time.

a. ignition Characteristics

Although the photomultiplier tube is used to
detect ignition in the thrust chamber tests, ignition also is
indicated in each test by a sharp increase in the rate of
pressure rise measured by the Kistler pressure transducer
calibrated for the low pressure range to detect vaporization
and ignition. Generally, both of these indications of ignition
coincide although there may be up to a 0.7n msec lag in the
ignition time indicated by the pressure transducer installed
in the nozzle sectIon. This lag is due to the finite time
required for propaja ion of the flame front from the injector
to the nozzle and is discussed in more detail in the discussion
of the Compound A/MHF-5 tests.

In some tests, however, there were slight
fluctuations in the photomultiplier trace on the oscilloscope
up to 3-4 msec in advance of the vertical deflection associated
with ignition. These fluctuations were small in amplitude and
even returned to zero deflection for one or more milliseconds
in some tests before the final strong deflection occurred.
Both the time from valve signal to these initial smkll fluctua-
tions (when they occurred) and the vertical deflection are
reported under the "PMfirst" and "PMvert" columns, respectively,
in Tables XVII, XVIII and XIX. The pressure in the chamber
at each of these times is also reported. In the tests in which
the small fluctuations did not occur the time indicated in the
"PMfirst" column is the same as in the "PMvert" column.

Schlieren tests were made without the chamber
and nozzle installed to determine ignition delay in an uncon-
fined condition and to investigate these fluctuations to
determine which signal from the photomultiplier tube should
be considered as the indication of ignition. These tests
are reported in Table XVIII as Tests 928-931 and are summarized
below4:
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Test: aSMU1*

The time resc.ution of the schlieren system was
approximately 0.07 msec per picture.' As indicated in the table,
the *chlieren indication of ignition and the vertical doflec-
tioz of the photomultiplier tube agreed very closcly in each
of the tests. In test 930, however, the phocomultplier
detect*J slight light output at 9.4 msec and arain kt 9.7 nseC
but returned to zero before the strong deflection at 12.0 msec.
The schlieren pictures indicate that liquid oxidizer entered
at 9.2 muoc but that there was no evidence of ignition until
12.1 wec. Ignition occurred at the impingement point of the
two propellants, well within the field of view of the camera.
Similar photomultiplier fluctuations were experienced in
Test 931 although the time between the iaitial fluctuations
and the vert.cal rise was much shorter.

On the basis of these tents it appears that the
small fluctuations in the photomultiplier trace are the result
of very small localized and discontinuous reactions and should
not be considered as a true indica t 3n oA ignition. This is
also itdicated by the relatively small increase in chamber
pressure during the period in which these fluctuations %occur
prior to the vertictl deflection ol the photouultiplier tube
output.

Ignition in a chamber was also studied photo-
graphically with high-speed motion pictures at about 4000
franec per second. In tests 947 to 953, reported in Table
MYIIT, the ftirt visible sign of ignition was a small flame,
I to 2 inches long, at the injector end of the chamber. In
the two Lower mixture ratio te origina) tha first visible
ligbt was detected at 9 and 10 xsec after valve opening while
chaetor pressure was ttell at the original ambient pressure
Sof 10 Nn g. The flame filled most of the chamber cross-
sectional area and requixed 11 to 13 frames (about 3 msec)
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to reach the nozzle end of the chamber. During this period,
the chamber pressure increased to 300 mm Hg and continued
to rise slowly and smoothly thereafter.

By contrast, the higher mixture ratio tests
(949-950) did not show any visible light until 12.5 and 13.5 msec
by which time the chamber pressure had increased to 55 and 70
mm Hg due to propellant vaporization and possibly some low
order reaction. The flame initially was visible only in the
center of the chamber and reached the nozzle within 1 msec.
Chamber pressure increased rapidly during the 1 msec period
and the low pressure trace rapidly rose off scale during
this period. The high pressure trace also rose abruptly with
a series of small oscillations of about 10-15 psi amplitude.
In all four tests, the photomultiplier indication of ignition
preceeded the abrupt pressure rise by 0.5 to 1.5 msec.

From analysis of the motion pictures, it is
evident that ignition is initiated at the impingement point
of the liquid propellants and proceeds to fill the chamber
over a period of 1 or more milliseconds. The time difference
between chamber pressure rise and photomultiplier output is
due to the finite time required for ignition to travel the
length of the chamber. The time delay will be discussed in
more detail in the Compound A/MHF-5 tests where pressure
transducers were locatsed at both ends of the chamber. As the
result of the schlieren and direct photography tests, it was
concluded that the vertical deflection of the photomultiplier
tube should be taken as the true indication of ignition andsubsequent discussions will be based on this time.

As discussed at the beginning of this section,
the schlieren tests indicated some variation in the determina-
tion of propellant entry time. Both Compound A and N2 H4 entered
as a liquid between 9 and 11 msec at nominal flowrates. The
ignition times from valve signal in Table XVII range from 9 to
14.5 msec. Thus, the uncertainty in propellant entry time
represents a large fraction of any calculated ignition delay.
In any event, ignition delays are certainly less than 5 msec
from entry of the second liquid propellant and are more
probably lees than 2 msec even at the low ambient pressures
used for these tests.

b. Effect of ThrUst Chamber Configuration on
ignition and Rise TimeW

The effects of thrust chamber configuration on
ignition and rise time to 90% of steady-state chamber are shown
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in Figures 42 and 43, respectively, for the tests reported
in Table XVII. The times shown in Figure 42 are from elec-
trical signal to the valve so that the times required-for
propellants to reach the chamber (9-11 msec) are included.
From Figure 42 it is evident that the thrust chamber configura-
tion effects on ignition time are not significant. The range
of ignition delays are quite similar for all configurations
except for the 50 in. L* tests. Although the average ignition
times are approximately the same, the shortest ignition time
with 50 in. L* chamber was 11 msec compared with 9-10 msec
for the other L* configurations, indicating the possibility
of a slight L* effect at large L*s. Also, close examination
of the data indicates that the ignition times for the 200 psia
design chamber pressure configuratiouis were less than 12.5 msec,
while the ignition times for the other design chamber pressure
configurations were up to 14.5 msec.- Although it appears that
the average ignition times are longer for the 30 in. L* tests
having a contraction ratio of 1.5, similar tests with this
contraction ratio at other L*s do not indicate any significant
effect of this parameter.

Similarly, there are no signficant effects of
thrust chamber configuration on rise time as indicated in
Figure 43. Rise times shown in the figure are measured from
ignition to 90% of steady-state chamber pressure. As might
be expected, however, the rise times appear to increase as
the L* of the thrust chamber is increased due to the larger
volumes involved, although the effect is small over the wide
range of configurations actually tested.

Contrary to the results of thrust chamber tests
performed previously with N2 0 4 and hydrazine-type propellants
(Ref. 1), it is apparent that the influence of thrust chamber
configuration on ignition and rise time is small with Compound A
and N2 H4 . These results are not contradictory however,
because it also has been demonstrated in unconfined tests that
ignition of Compound A and hydrazine is not influenced
significantly by ambient pressure. The ignition characteristics
of N20 4 /hydrazine-type propellants are a strong function of
ambient pressure and depend upon vaporization of the propellants
to increase the pressure in the chamber to a level at which
ignition can occur. Although pressure also may rise in the
chamber in tests with Compound A/hydrazine-type fuels due to
vaporization prior to ignition, ignition does not depend on
pressure rise and there is no direct correlation between
ignition delay and pressure in the chamber at ignition.
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The short ignition delayr obtained with
Compound A and the hydrazine fuels a&Io resulted La smooth
ignition transients in most cams. So pressure spihs of
the very short durstlon, high am•litude ty asmsociated
with 1#04 and hydrasine fuels were acoumtered. " Tests 851,
"852, 915 and 916 had any indicatiemw of pressure peaks
during the starting transient and tese were less than steady-
state chamber presame.

Three Compound A/NgBA o~cIllograpb traces are
reproduced in Figure 44. Tests ON6 863, vad 88 were made
at nominal chamber pressures cf 200, 75, and 20 psia reapec-
tivelS with a contractior ratio of 9.0 and an L* of 30 in.
These traces are typical of the smooth transients experienced
with most of the Compound A tests. The upper trace in each
record is the low pressure Kistler transducer showing the
pressure before ignition. -he next trace is the high pressure
Kistler which is calibrate-1 for M, 33, and 16.5 psi/cm in the
three records. The third zrace is the photomltiplier which
deflects downward at ignition and the lowest trace is the valve
curren~t.

C. Iflect of Mixture Ratio on Ignition

The effect of mixture ratio on ignition time
is shown in Figure 45. Ignition times are compared for
Compound A/12% (Table XVIII) and Compound A/W-5 (Table XXI)
at mixture ratios of 1.5, 2.0 and 2.5 with thrust chambers
having design chamber pressures of 20, 75 and 200 psi& and
L*s of 5 in., 30 in. and 50 in. As indicated in the figure,
average ignition times increased about I msec as the mixture
ratio was iacreased to 2.5 from the nominal 2.0 value and
decreased about 1.5 msec as the mixture ratio was decrease.d
to 1.5. These resits are mitigated somewhat by the effect
of varying propellant flowrates up" entry tIne into the
cbamb:. As previously discussed in Section VCI, varying
hydraz*im, flosrate to obtain other mixture ratios changed
"eUtr7 time up to about 0.5 m=Pw at 0 -- Ng prmwAre. rntry
time was shorter at the lover mixture rat ios wa longer at
the higher mixture ratios due to the variag flwrates through
the fixed manifold and injector volus. In view of thse
oftects an propiellant "utry, however, it still appears that
ignition time are zsmwhat shorter with lower mixture ratios.
,aoth *% and LW-5 showed the same tread. As in the tests
at the naminal 2.0 mixture ratio, thrust chamber configuration
Ma no significant effect on ignition time.
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PC.= 105 psig

S AC /At M 9.00

- 30

Test 886

Pc- 50 psig

Ac/At - 7.90

L* - 30

Test 893

PC - 5 psig

AC/At - 7.68

-* 3o

Teat 889

(sweep - 5 asec/cm)

Figure 44. Oscillopraph Records of Compound A/X 2 H4
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The apparent effect of mixture ratio on
ignition time was also observed in the previous tests with
N2 0 4 /hydrazine fuels and is discussed further in Reference 1.

d. Effect of Propellant Leads on Ignition

The effect of propellant leads on the ignition

of Compound A/N 2 H4 is shown in Figure 46. The center point
of the abscissa represents simultaneous application of power
to both propellant valves. Under these conditions the
schlieren characterization of the injector discussed in
Section VCI indicates that fuel fir6t enters as a liquid at
10-11 msec while Co-mpound A first enters as a vapor at
3 =see, a mixture of vapor and liquid at 7 msec, and finally
as a liquid at 10-11 msec. For the tests with simultaneous
energization of both propellant valves, it is apparent that
ignition occurs at or just after both propellants arrive in the
chamber in the liquid phase. Since a vapor phase of N2 H4 is
not detectable in the schlieren films, this time also corres-
ponds to the initial entry of N2 H4 ..

A fuel lead was created by delaying the oxidizer
valve with the variable delay rheostat in the control system.
Under these conditions, the fuel entry time was not affected
as indicated by the horizontal band in Figure 46 corresponding
to a fuel entry time of 10-11 msec to the left of center of
the figure. If, for example, a fuel lead of 3 msec were
desired, energization of the oxidizer vwelve would be delayed
3 msec and, as indicated in the figure for a 3 msec fuel lead,
oxidizer vapor first appears at 6 msec, the mixture at 10 msec
and liquid at 13-14 msec. Conversely, an oxidizer lead was
obtained by delaying energization of the fuel valve. Note that
entry times of the various oxidizer phases under these conditions
are represented by horizontal lines or bands to the right of
the figure.

Data points for the three design pressure con-
figurations shown in the legend have been superimposed on the
propellant entry times. It is evident that with an oxidizer
lead, ignition does not occur until entry of the liquid fuel.
Also, with a fuel lead, ignition again occurs when liouid fuel
first enters regardless of the physical state if the oxidizer.
With a 3 msec fuel lead the oxidizer is a mixture of vapor and
liquid at ignition and with a 5 msec fuel lead the oxidizer is
in the vapor state. The hydrazine is the controlling propellant
and ignition occurs upon its injection in the liquid stata. If
a vapor phase preceeds liquid injection it cannot be detEacted
by the schlieren system and is too small to cause ignition.
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e. Triplet Injector Tests

Three chamber configurations were teste~d with
Compound A/hyidrazine using the triplet injector shown in
Figure 35. 'The results of these tests are summarized in
Table XX. In this injector, the oxidizer passages were similar
to those in the doublet injector, but the fuel passages were
necessarily longer due to the orifice pattern. As could be
expected from the results with the doublet injector, the
ignition times were about 4 msec longer with the triplet in-
jector due to the later fuel entry associated with the longer
manifold. The pressure at ignition was higher due to the
longer oxidizer lead but tires to 90% Pc were comparable to
those with the doublet injector.

3. Thrust Chamber Tests - Compound A/UDUH, Compound A/
* MHF-5

Thrust chamber tests were also made with Compound A/
UDMN and Conpound A/MHF-5 for comparison with the Compound A/
N2H4 tests previously discussed. These tests were wade with
the same thrtist chamber configurations using.,the doublet
iajector shown in Figure 35. The data for the 'Compound A/UDWH
and Compound A/MHF-5 tests are tabulated in Tables XXI and
XXII, respectively. Individual characteristics of these com-
binations first will be discussed and then comparisons with
Compound A/N 2 E 4 will be made.

a. Compound A/UDMH Tests

In tests 855, 856, 857 and 863 with Compound A/
UDUE, the initial photomultiplLer indication of ignition was
an almost vertical deflection at approximately 7 msec which
left the oscilloscope face in a small fraction of a milli-
second. The ignition times in these four tests correspond to
the entry time of the mixture of vapor and liquid fuel as
determined by the schlieren tests reported' in Table XVI. In
the other five tests, one or more weaker photomultiplier sig-
nals, with a return to or near zero between pips, preceeded
the stronger signal. The weak signals correspond to the
period of gaseous injoction from 3 to 7 msec' as indicated by
the schlieren films and the stronger signal at 7 msec corresponds
to entry of the fuel as a vapor/liquid mixture.

The occurrence of the weak reactions during fuel
vapor injectioni appears to be influenced by,thrust chamber
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configuration. The thrust chambers in which the vapor phase
reactions were detected (tests 858 to 861) were designed for low
chamber pressure and had relatively large chamber volumes and
diameters. The tests with thrust chambers designed for high
chamber pressure which had small volumes and diameters (for the
same L* and Ac/At) by comparison, however, did not indicate a
vapor phase reaction and ignition did not occur until the UDMH
was injected as a vapor/liquid mixture.

The schlieren test shown in Table XXI with both
propellants injected simultaneously showed oxidizer vapor appear-
ing at 3.0 msec, fuel vapor at 3.1 msec, and ignition occurring
at 3.3 msec. In the same test, the photomultiplier tube also
indicated ignition at 3.3 msec by slight deflection of the trace.
A stronger signal occurred at 7 msec when the liquid fuel
entered.

The times from signal to 90% of steady state
chamber pressure in the chamber tests were about 2 msec shorter
with UDMH than with hydrazine due to the 2 msec shorter ignition
times obtained with UDMH. The shorter ignition times in turn
were due to the shorter time required for UDMH to enter the
S chamber compared with N2 H4 . Rise times from ignition to 90% Pc,
however, were comparable for hydrazine and UDMH.

b. Compound A/MHF-5 Tests

The tests mgae with Compound A/MHF-5 are summarized
in Table XXII. The minimum volume, doublet injector was used
with three chamber configurations at mixture ratios of 1.5, 2.0
and 2.5. Several tests (986- 992) were made without the chamber
installed in order to obtain ignition characteristics with the
sch!icren system.

In tests 987, 988, and 989, ignition occurred 10.1
to 11.3 msec after valve signal, corresponding to the liquid
entry time of liquid MHF-5 (10-Il msec). The ignition times also
corresponded to the entry time of liquid Compound A (10-11 msec)
as also determined in previous schlieren films. Since ignition
times corresponded to the liquid entry times of both propellants,
Tests 989 to 991 were made with long propellant leads (about 1/4
sec) to determine if ignition would occur with either propellant
in the vapor phase. In Test 989 with a long fuel lead in order
to establish liquid fuel injection before entry of the oxidizer,
ignition occurred less than 3 msec after the "on" signal to the
Compound A valve. Ignition, therefore, coincided with initial
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gaseous injection of the Compound A. In Tests 990 and 991 with
long oxidizer leads, to establish liquid oxidizer injection, the
ignition times, measured from "on" signal to the fuel valve, were
8.1 and 8.8 msec, which correspond very closely to the vapor/
liauid mixture times for M1F-5. It appears therefore that if
either the Compound A or the MHF-5 is present as a liquid, ignition
will occur with the other propellant in the liquid or vapor
phase (vapor/liquid mixture for MIF-5) with ignition delays of
less than 1 usec.

The other tests in Table XXII with the three chamber
configurations have ignition delays within 2 msec of the delays
obtained in the unconfined tests for the same mixture ratio.
As in the hydrazine tests, chamber configuration does not affect
ignition time and the delay in the unconfined tests are comparable
to the shortest delays in the chambers. The variation in ignition
time with mixture ratio has already been shown in Figure 45.

In Tests 965-980, a third Kistler transducer was
installe.1 at the injector end of the chambers which were about
8 in. long in this series of tests. In the 8 tests with the
75 psla design chamber pressure nozzle (965 - 972), ther, was
no indication of ignition from the phiotomultiplier tube until
the strong vertical deflection corresponding to liquid entry of
the propellants. In all of these tests, the pressure transducer
at the injector end of the chamber showed a sharp rise at the
same time as the photomultiplier trace deflected. The two trans-
ducers at the no2zle end of the chamber, however, did not start
to rise until 1/2 msec later. The transducer outputs were inter-
changed on the oscilloscope in two tests to be sure the 1/2 msec
difference was not a result of a time lag in the dual beams of
the oscilloscope. The same time lag was obtained in each case
indicating that the delay in pressure rise between the injector
end and the nozzle end of the chamber was real. Once ignition
occurred, however, there was no detectable phase shift in the
oscillations of the transducer at either end of the chamber.

Three of the 8 tests with the 20 psia design
chamber pressure nozzle (Tests 973, 974, 977) had an indication
of the preignition reactions discussed previously on the photo-

.* multiplier trace. These reactions, however, were not detectable
in the pressure traces. In these three tests, the injector
pressure rise was delayed 1/2 msec after the stronger photo-
multiplier signal although the reason for the delay is not
evident. The remaining tests were similar to the 75 psia chamber
pressure tests in which injector pressure rise corresponded to
the strong deflection of the photomultiplier trace, and up to

-155-

CONFIDENTIAL



CONFIDENTIAL
AFRPL-TR-65-257

1/2 msec delay in the pressure rise at the nozzle end was
observed. These data corroborate the photographic evidence
previously noted that ignition of Compound A/N 2 H4 occurs at
the injector and takes a finite time to progress to the
nozzle end of the chamber.

c. Comparison of Compound A/Hydrazine Fuels Test

The ignition times and the times to 90% of steady-
state chamber pressure are compared for Compound A and the three
hydrazine-type fuels in Figure 47 and 48. The data are for
thrust chamber configurations having an L* of 30 in. and a
contraction ratio of 3.5 for each of the three design chamber
pressures. The tests were made at a mixture ratio of 2.0.

As indicated above, inspection of Figure 47 shows
that UDVH has the shortest ignition time of the three fuels.
Ignition occurs at about 7 msec corresponding to the entry of
a liquid/vapor mixture of UDMH. With N2 H4 and MHF-5, ignition
does not occur until after 10 msec at which time both propellants
are being injected in the liquid phase. As indicated in the
figure, design chamber pressure has no significant effect on
the ignition times of the respective combinations. Although
not shown in thin figure, previous discussions have also shown that
the other thrust chamber configurations (L*, Ac/At) have little
effect on ignition time.

As shown in Figure 48, 90% of steady-state
chamber pressure is also reached faster with UDMH than the
other fuels by virtue of the earlier ignition obtained with
UDEH. Rise times from ignition to 90% of steady-state chamber
pressure, however, are similar for all three fuels. As might
be expected, the rise times associated with the low design
chamber pressure configurations are slightly longer than with
the high design chamber pressure configurations because of
the larger chamber volumes involved.

The ignition transients with both UDIH and MHF-5
were smooth and there was no indication of pressure peaks or
spikes in any of the tests.
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D. kurienstai nesults - nuorine/Hydrogen Tests

* A complete series of Ignition tests was also made with
"gaseous fluorine and hydrogen using the thrust chamber cos-
figurations show in Table XV. The chambers and nossles were
identical to those used for the Compound A tests, but the
concentric injector sbown in Figure 36 was used with the larger
propellant valves previously discussed in order to obtain the
desired flowrates with gaseous propellants. The fluorine was
injected axially through a single orifice and the hydrogen was
injected through a concentric annulus so that it impinged on
the fluorine stream at a 20o angle.

Data from the twenty-seven chamber configurations tested
are summarized in Table XXIII. The tabulated parameters are
defined as they were for the Compound A tests. Ignition time
shown in the table is based on the photomultiplier output. No
preignition reactions were noted with this propellant combina-
tion. The shorttr i6nitioa and rise times experienced with this
combination permitted a faster oscilloscope sweep which resulted
in ignitiol time resolution of 0.1 user compared with 0.5 mvec
for the Compound A/12R4 tests. The "valve current" column in
the table is the tine from valve "on" signal to the first
minimum in the valve current trace. Six tests were made with
the fuel valve delayed 2-3 usec as indicated in the table.

Earlyr in the test program it was found that a 2-3 msec
spread in ignition time was being experienced which could not
be correlated with thrust chamber configuration. The ignition
time, which in defined as the time from valve "on" aigxcal to
ignition, varied from 2.8 to 6.0 for tests with simultaneous

propellact valve energization. A spread of up to 2.3 isec was
noted for successive tests with the same chamber configuration.
In order tc determine the cause of these small but unexplained
variations in th* results, the various com.,onents of the test
system were examined. It was found that the DC power supply
c3ed for these tests had a 120 cps ripple when drawing the 12
amps required to operate the larger propellant valves. This
ripple was visible on thW valve current trace. The effe-ti •
the rip?* was somewat acceutuated by the fact that the tank
., press required to obtain the deeired gaseous propellant
flowratee were approaching the liriiting pressure at which the
large, direct-octing molesoid valves *.ld opi-n Con~iptently.
The variatioa in po'tr 4-e to the ripple ct the critical opnrning
point could ffect actual opening tame by sieveral msec. it is
-vident. therefore, that the appare.nt -.-ariatioi in ignition times
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encountered is due to the ripple rather than the result of any
propellant or chamber cTrcteristics. In Figure 49, the
ignition time is plotted as a function of the minimum point on .
the valve current-trace. It is apparent that all ignition times
can be included in a 1 msec wide band irrespective of chamber
configuration and that with a more stable power supply, all
chamber configurations would have had equal ignition'times within
+ 1/2 msec.

Schlieren films also were taken of the injection and ignition
of the unconfined gaseous propellants. Both the fluorine and
hydrogen gases were difficult to detect in the schlieren pictures
at ambient pressures below 10 mm Hg. Because of the low density
of the gases it is possible that some vapors may have entered
for a short period before the flowrate was sufficient to detect
propellant entry at the low ambient pressure. The propellant
entry times in the four F2 tests, three H2 tests, and three
F2/H2 schlieren ignition iests are included in Figure 49 and are
all within 1/4 msec of the center of the 1 msec spread. All
three ignition times of these unconfined tests are within the

mse &aud also. in the unconfined tests with both propellants
being injected, the leading propellant obscured en t ry of the
second propellant because of the concentric design. However,
ignition delays from the leading propellant were only 0.70 msec
at 100 mm Hg ambient pressure, 0.29 at 50 mm, and 0.24 at 7 mm.
The apparently longer delay at 100 mm may have been due to more
accurate detection of the first gas at the higher pressure rather
than a truly longer delay. Ignition was clearly visible near
the injector in the films at 50 and 100 mm Hg. At 7 mm Hg,
however, the origin of ignition could not be determined and it
may have occurred out of the field of view of the schlieren
system which is limited to about 2 inches from the impingement
point.

Several thrust chamber bests were made with the third
Kistler transducer at the injector end of the chamber. As in
the Compound A tests, the initial rise in chamber pressure at
the injector end coincided with the initial visible light. No
delay in chamber pressure rise at the nozzle end was experienced
with the shorter (1 - 4 in.) chambers. However, delays in
pressure rise at the nozzle end with longer chambers ranged from
0.4 to 0.6 msec for chambers about 12 in. long to a maximum of
0.8 msec for the 22 in. long chamber.

The rise times from ignition to 90% P were less than
7.5, msec except for one configuration (Tests 1076-1078) which

j4-
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does not seem to fit the other data. Rise times for these
three tests were unusually, long for no apparent reason. Except
for these tests, rise times were proportional to chamber volume
or L* as shown in Figure 50. With the 30 and 50 in..L* con-
figurations, the rise time data spread was +1 usec and there
was no significant effect due to either contFaction ratio or
design chamber pressure. Data spread was slightly larger at
the smaller L*'s and the lowest design chamber pressure (20 psia)
appeared to have shorter rise times. However, combustion
efficiency with the smaller L*, 20 psia chambers was low and
the time required to reach the low steady-state pressure obtained
in these tests is undoubted'.y less than that required to reach
higher pressures consistent with good performance.

Six tests (Nos. 1008, 1011, 1002, 1022, 998, and Id17) are
included in Table XXIII in which the fuel valve was delayed for
2-3 asec. Ignition times were delayed corresponding to the
delay in fuel entry. Rise times were comparable to the rise
times in the tests with simultaneous valve energization for the
10 in. L* chambers and 1-2 msec shorter for the 50 in. L* chambers.
Some pressure rise due to the fluorine could be detected in the
higher design pressure, shorter L* chamber configurations when
the fuel valve was delayed. In all the other tests ignition
preceeded any detectable rise in chamber pressure.

There was no indication of any pressurespikes during the
rise time with the F2 /H2 combination in any of these tests.
Ignition delays were short as indicated and the pressure tran-
sients were smooth.

The oscillograph traces from Tests 1086, 1084. and 1081 are
shown in Figur, 51. The trace positions are thc • = for tne
Compound A tests in Figure 44, but the sweep is increased from
5 to 2 msec/cm. As in the case of the Compound A/hydrazine-
propellant tests the short delays and smooth pressure transients
should be noted.

16-166-
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PC "132 psig

A /At - 3.22

:, - 30 in.

Test 1086

P C 53 psig

AC/At - 3.50

L* - 30 in.

Test 1084

PC 10 psig

Ac/At - 3.54

-I 30 in.

Test 1081

liweep - 2 Usec/cm)

Figure 51. Oscillograph Records of F2 /H 2 Tests
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Sig) B Ip caqt progress has been made in obtaining a
* fuladental understanding of hypergo'lic ignition under vacuum

conditions. Although further refinement incorporating additional

Ifft~atoI aoSo prop~llant "flashing" in injector manifolds0to'oItimilze the model, a working matbuntica1 model
etý e igition delay of 1f204/hydramine-type propel-

lints with reasonable accuracy has been developod. Further,
the ignition model forms the basis for, and can be extended to,
41mothematical ;Aodel which considers the pressure spiking
04**WPeon.4

(U) Samad on the results of the .nperinentr1 and analytical
invq*Ugpt~oss performed under Part II of Contract A104 (611)-
994Wt4" -f4lowing c~oniclusions are drawn with regard to the
various tasks and phases ef the program.

A, skI -Measurement of Reaction Rate

()1. At sub-igniv.ion pressures, a pre-ignttion reaction
RrQ41Wt (adduct) is formad by each of the NO2/hy~razine fuel
dowbinations tested. Chemical analyses of the clerr, yellow,
viscous liquid adduzt formed in apprec~able tuantities by
MM1 *Do N02 v~pors indicate the adduct is an isaoclai.ive product
of the rpactants, has the charscteristics of a monopropellant,
and coont~tns considerable energy. Its relation to rressure
a iking during engine start transients is not Les -.t determinsd.

'(U) 2t The inittal rate of pressure rise in~ a thrust chianber
is r'etar,,ed in the case of very volatile propellants sucll' ar
N~O apd Oompowm4"A byr substantial propellant "flashing" within
the injector volume upon propellant valve openin6. A sigaificant
time elapses before the mass I lowrate into the thrust chamber
reaches its full, nominal value.

(U) 3. Although sufficieintly accurate chamber pressurization
-..histories for N204 cannot be calculated at praiient due to its
trpusiepi flowrate behavior, upon propellant-valve opening, the
ch**144l kinetics p art of the hypergolic ignDition model can be
1c00vatiw with *x~efimeut. Theoretically calculated ignitioa

8 4*tips in on epgine, based on estimated vapor-phase corn-
pbiton and temperatuire, agree reasonably with experimentally

determined engine ignition delays.

CONMIDENTIAL
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(U) 4. In agreement with experimental results, the theoretically
derived bypergolic ignition model indicates that the optimum
vapor-phase composition for !Wtest ignition delays is the
equimolecular mixture which, for VKH, MNU and 50-50 with N2 04 ,
are markedly more fuel rich than typical operational mixture
rat.o, ,4,vaatsge of this fact to obtain shorter ignition
delays my be taken through suitable injector designs coupled
'W•t•peopell3at leads 4nd lags,

(U) 5. O snapt Ignition reactions of N*O4/hydraziue-type fuels
I qw prexawar s are tLe.mal, gas phase reactions which are
bimeloular and have low activation energies (less than 10 kcal/
/ 19) anO low pre-expýsnential factors.

(U) 6. Propelloant vaporization in a thrust chamber prior to
ignition is non-adiabatic due to heat ad&tion to the vapor-drop
qystqu from the thrust ch~pber walls.

B. N!IA -valuattn of Additives to Reduce Activation

_(U) 1. The low pressure, premixed vapor stream apparatus is
well suited to screeuing of additives. The measured variable
igaitiou prpssure limit is a sensitive, reliable measure of
ignition $*Jay. A4ditives may Ie evaluated relatively easily
with good accuracy and less expensively than in engine firings
at low ambient pressure.

(U) 2. Of the five organic fuel additives tested in the
apparatus, fqrfuryl alcohol was found to have a significant
Wbaueflcial effect on the ignition characteristics of N2 04 /MMH.

3. The one principal oxidizer additive tested, Coipound R-
FC"NFU)3, not only worsened ignition characteristics but also
rei*iced reproducibility considerably. Only after thoroughly
wpohing the apparatus were the normal, repeatable results obtained

agita with the ntnt propellants.

C. 11sk III - Thrust Chamber Design Parameter Study

1. ~d A/Hyf*auIne-typ. Fuels

(C' X. lowitiou deoays in the thrust chamber tests with
tbp CoWuund /byrazianp-type fuels were very short. Ignition

ae wth UM are spewbat shorter tUan those with NA or
4, �ZtZugho rise times (ignition to 90, Pc) are comparatle.

-170-
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• -) b, *ec*Ume of thxe abort ignition delay, the pressura
tr iftons iiei amth with no iad.&cation of the very short
duration, high amplitude, xandon pressure spiki. char*cteristic
of the 1*O4 /hydrazine-type fpes.

to) c. I rtion occurs at the injector and pice*ds
rapidly and smoothly through the chamber.

(.) d. Ignition in a thrust chambor is indevedent of
pressure rTie due to propellant vaporization. Ignition delays
in t hea-mbr tests with each propellant were comparable with
the dl7S•measutred in the unconfinea achlieren tista#. By
contrast prevya)us thrust chamber tests rith W2O4 /hydraT.-n -
type fuela (Ref. 1) indicated an extreme pressure devendency.

(C) 9. Ignition characteristics are not significantly
Influenced by thrust chamber configuration parameters because
of the lack of pressure dependency.

(C) t. Althouch the influence of thrust chamber geometry
on riwe tA'e to 90% of the bieady-state chambe pressure was
small, the configurA.ions with the ki-mller volumcs generally
produced sligbtly s*hirer rise tines.

(0) g. Mixtur4 ratio tests indicated somewhat shorter
ignition delays with fue7-ricb mixtur. ratios than with oxidizer-
rich mixture ravios.

(C) h. Propellant Xestd tests with Compound A/,N04
-udtcate that tjnition occurs rapidly upcn entry of hydrazine
regardless of the state (vapor, mixture, or liquid) of Compound
A.

(U) a. igLition oelayL were very short (wibhin .asec)
in the tbrust chamber asd unconfiaed schlferen tests.

(1) b. As with Compou,,d A/hydraz'ne-tptpe fucls, 'gnition
does not depend upon pressure ris, In the chiamber. In most
tests ignitica occur.ed before any devvctable rise in pressuri
tde to pro.lla-t eatry.

(U) c. Ignition delay uas not influeoced by thk-ust
chamber design parameters.

O@WFIMITIA L
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(). e Ixattion occurred at the Injector and pressure
tapoupts were imnotb 2ith no indication of pressure spikes
Lu an of the tootts.

(U) e. Rise time to 90% of steady-state chamber pressure

wa very rapid. fLise tine was somewhat hbo.rter witb smaller
Lv's than $ith larger L*'s as sight be *zmected.

S
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Vii

RECOMMENDATIONS

Several factors pertinent to hypergolic ignition in reaction
control systems that were either outside the 3cope of the present
program or require further study beyond that which time permitted
in this six-month effort are enumerated below:

1. The pre-ignition reaction product (adduct) appears, at

present, to be a likely candidate for the cause of the pressure
spikes experienced during engine start transients. It should be
determined whether, in fact, the adduct is the cause. Properties
of the adducts formed by the hydrazine fuels with N2 04 are re-
quired, including their rates of formation and decomposition.
It should also be determined whether the adducts are necessary
intermediates in the reaction mechanisms for ignition or whether
they are side products which tend to impede ignition.

If the adducts do prove to be the major cause of pressure
spikes, methods should be investigated to .1) avoid its formation
if it is not a necessary intermediate, (2) minimize its.accumulation
on thrust chamber walls, during ignition delay times (and during
tail-off too) and/or (3) retard its decomposition rate in order
to langthen the time over which the accumulat'd energy is released.

2. To be made general, the analysis for chamber pres-
surization due to prcpellant vaporization requires inclusion of
expressions to account for the initial transient flowrate
behavior of very volatile propellants upon propellant valve open-
ing. Also required is a general expression for the heat addition
to the vapor-drop system from the thrust chamber walls.

3. Then, the complete mathematical model for hypergolic
ignition in reaction control systems should be further verified
by comparisons with experimental ignition delays in engines of
various chamber configurations, thrust levels, etc.

4. A mathematical model of pressure spiking during start
transients should be developed to permit evaluation of chamber
geometry and ignition hydraulics from a pressure spiking view-
point. The hypergolic ignition model developed in the present
program is a major part of the pressure spiking model and is
readily extended to include the pressure transient.
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5. Since a reliable, low cost method is now available,
c,%teivc screening of chemical additives to shorten ignition
delays is recomended. The more costly testing in engines at
low ambient pressures can then be limited to only tho most
promising additives.

6o As indicated above, thrust chamber tests to verify the
results of the experiments and to determine the significance of
the results under actual operating conditions are required. It
is recommended, therefore, that a concurrent fundamental investi-
gation cnd thrust chamber verification program be undertaken to
a ccomplish the above goals.
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